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Abstract

The magnetoresistive random-access memory (MRAM) is an upcoming
technology, which has the potential to revolutionize computer technology.
In order to write a bit into an MRAM cell, the magnetization of a ferro-
magnetic layer needs to be reversed. For this magnetic switch, the use of a
spin-orbit torque is proposed.

This torque originates from the spin-orbit coupling. However, there
has been much controversy around the exact mechanism responsible for
this spin torque. Two possible origins are the spin current injected into a
perpendicularly magnetized layer from the spin Hall effect (SHE) in Pt, or
the Rashba effect at the interfaces of the ferromagnetic layer. In this work
we will show, through a combination of simulations and measurements,
that the spin Hall effect dominates the spin-orbit torque in Pt/Co/Pt and
Pt/Co/AlOx samples and that the influence of the Rashba effect is negli-
gible. By varying the thickness of the Pt layers in our samples the influ-
ence of the SHE on the Co magnetization is tuned and the magnitude of
the SHE in Pt is determined. The SHE is quantified by the spin Hall angle
θPt

SH = 0.07± 0.01, which is large enough to exert a sizeable influence on
new magnetic memories.

To successfully fabricate a SHE-switched MRAM, which consists of
magnetic tunnel junctions (MTJs) with underlying Pt layers, an extensive
experimental study of the optimal oxidation of the Al tunnelling layer is
performed. The influence of plasma oxidation and annealing on the AlOx
layer composition are studied, after which the first steps are taken towards
fabricating a SHE-switched MTJ.
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Chapter 1

Introduction

Figure 1.1: The first com-
mercially available computer
with a hard disk drive, the
IBM 305 RAMAC, offering 5
MB of storage for a price of
$160,000 in modern day dol-
lars.

The transfer, processing and storage of
data has never been as important as it
is today, its continuing ability to grow is
crucial for economies worldwide. Since
the introduction of the first commercially
available computer using a hard disk drive
(HDD) in 1956, the IBM 305 RAMAC
(shown in figure 1.1), the HDD techno-
logy has been able to progress along with
the market’s demand. However, new
technologies are being developed, ready
to replace the HDD when its limits are
reached. One of those technologies, the
magnetoresistive random-access memory
(MRAM) [1], is the motivation for the work
presented in this thesis.

In essence, the modern day HDD found
in your computer is very similar to the
HDD found in the IBM 305 RAMAC; data
is written as magnetic bits on a disk ro-
tating at high speed beneath a read/write
head (which looks similar to an old record
player). Naturally, our understanding of
magnetism (i.e. magnetoresistance, giant magnetoresistance, antiferromag-
netic coupling, perpendicular recording) has greatly improved the hard
disk drive, allowing it to advance from the IBM 305 RAMAC storing 5 MB
of data while weighing more than a ton, to the modern 3.5 inch drives stor-
ing 800,000 times as much data.

A big disadvantage of the HDD is its low read and write speed. This
restriction originates from the mechanical nature of the drive, the speed is

1



2 Chapter 1. Introduction

limited by the speed at which the disks rotates and the read/write head re-
positions itself. To solve this problem modern computers employ random-
access memory (RAM) on which temporary data is stored, so that the HDD
does not need to be accessed for every operation. Unfortunately, current
RAM technologies are volatile, meaning that any data stored disappears as
soon as your computer is turned off.

The magnetoresistive random-access memory (MRAM) may be able to
combine the HDD and RAM technologies into a fast, non-volatile, low-
cost and power-efficient memory technology. In this thesis we investigate
the nature of spin-orbit torques, a phenomenon which has the potential to
greatly enhance the MRAM. In addition, some first steps towards fabricat-
ing a proof-of-concept spin-orbit torque MRAM are presented.

In order to properly explain the working of the MRAM, we will start
with a short explanation of the magnetic tunnel junctions (MTJs) in the next
section, these MTJs form the heart of the MRAM. We will then elaborate
further on the MRAM and show why spin-orbit torques can play a major
role in this new memory.

Our research is motivated by an intense discussion around the true ori-
gin of these spin-orbit torques, a discussion which has divided the scientific
community into two groups. One group attributes these torques to the spin
Hall effect (SHE) and the other to another phenomenon; the Rashba effect.
This discussion will be covered more extensively in the third section of this
chapter. In the final section an outline of this thesis will be presented.

1.1 Magnetic tunnel junctions

There are three common ferromagnetic elements: Fe (iron), Co (cobalt), and
Ni (nickel). These ferromagnetic materials in thin-film compositions, pos-
sess a strong magnetization along a preferential direction. This ’easy-axis’
is determined by a property called the magnetic anisotropy. The magnetic
anisotropy can be influenced by the shape of a magnet, its crystalline struc-
ture and the interfaces of the magnet with other materials. In order to tune
the anisotropy of a thin Co layer, the interface anisotropy is exploited. The
layer is sandwiched between a Pt an an aluminiumoxide (AlOx) layer (fig-
ure 1.2), creating a Pt/Co and an Co/AlOx interface. In thin Co layers
(& 1 nm) the shape anisotropy dominates, resulting in an in-plane easy-
axis, meaning that an in-plane magnetization is energetically favourable
(figure 1.2a). When the Co layer becomes even thinner (. 1 nm), the aniso-
tropy contribution from the Pt/Co and Co/AlOx interfaces becomes more
important. This interface anisotropy results in a perpendicular magnetic
anisotropy (PMA), which is shown in figure 1.2b. The samples studied in
this thesis exhibit PMA. For more information on the topic of magnetism
we recommend the excellent textbook by J. Stöhr [2].
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Figure 1.2: (a) The shape anisotropy of the Co layer dominates over the
influence of the Pt and AlOx interfaces, the result is an in-plane magnetic
anisotropy. (b) Since the Co layer is thinner, its shape anisotropy is smal-
ler allowing the interface anisotropy from the Pt and AlOx interfaces to
dominate, resulting in a perpendicular magnetic anisotropy (the sample
magnetization prefers to be oriented out-of-plane).

Imagine the composition in figure 1.2b with an additional Co/Pt stack
on top. The result is a magnetic tunnel junction (MTJ) containing two fer-
romagnetic Co layers, shown in figure 1.3. The MTJ has two states, the par-
allel state (figure 1.3a) and the antiparallel state (figure 1.3b). In the parallel
state, both ferromagnetic Co layers have the same magnetization direction
and thus the same spin polarization. Since the spin of an electron tunnel-
ling through the insulating tunnel barrier (the AlOx layer) is conserved, it
is more likely that electrons will tunnel in the parallel case (large tunnel
current I) than in the antiparallel case (small I). The magnitude of this ef-
fect is called the tunnelling magnetoresistance (TMR) and is expressed as a
function of the resistance R of the layers:

TMR =
Rap − Rp

Rp
, (1.1)

with Rp the resistance in the parallel case and Rap the resistance in the anti-
parallel case. Tunnel magnetoresistances of up to 604% have been meas-
ured in CoFeB/MgO/CoFeB MTJs at room temperature [3].

1.2 MRAM

In the previous section the magnetic tunnel junction (MTJ) was introduced,
we will now apply this MTJ to a new type of memory device, the mag-
netoresistive random-access memory (MRAM) [1]. In a conventional hard
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Figure 1.3: A magnetic tunnel junction with the magnetization in both fer-
romagnetic layers oriented (a) parallel and (b) antiparallel. The resistance
experienced by a current running through the stack is lower in the (a) par-
allel case than in the (b) antiparallel case. This is due to the fact that in the
first scenario both ferromagnetic layers have the same majority-spin charge
carrier.

disk drive (HDD) information is stored as bits by switching a magnetic
domain into one of two directions, defined as ’0’ or ’1’. This is not much
different from the technique used in an MRAM. Instead of small magnetic
domains on a spinning disk however, the bits in an MRAM are small MTJs.
The ’0’ is defined as the parallel low-resistance state and the ’1’ as the anti-
parallel high-resistance state. These states are created by switching only
one (free) layer, the magnetization direction of the other (pinned) layer is al-
ways fixed. By measuring the tunnelling resistance, the state of the MRAM
can be determined and the memory is read.

By placing the MTJs in a grid, an MRAM is created, shown in figure
1.4. The advantages of an MRAM over the conventional HDD and RAM
are numerous. There are no moving parts which results in lower power
consumption, successive bit switching and reading can occur significantly
faster than in a hard drive and the MRAM provides a non-volatile RAM.
The are some problems however, considering the writing of a bit, which
need to be solved before MRAM can be considered a serious competitor
for other memory technologies.

Several techniques have been proposed for switching the free layer
from antiparallel to parallel and vice-versa. The simplest technique is by
inducing Oersted fields from currents passed through the top and bottom
lines. Unfortunately, Oersted fields are not very localized and can influence
neighbouring cells, resulting in a upper limit for the information density
of an MRAM. A very popular alternative is by utilizing a phenomenon
named spin-transfer torque (STT) [4]. By applying a potential difference
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Figure 1.4: A small section of an MRAM, containing nine MTJs each rep-
resenting one bit. By selecting the appropriate lines on the bottom and top,
the resistance of a single cell (and thus its stored bit) can be read.

over the appropriate lines, electrons will tunnel through the tunnel bar-
rier and thereby transfer the magnetic moment of one ferromagnetic layer
to the other, this is shown in figure 1.5a. If this transfer of magnetic mo-
ment is large enough, the free magnetic layer can be switched, resulting in
a STT-MRAM [5]. The STT-MRAM has a significant disadvantage. To cre-
ate enough torque to switch the free layer, a considerable current through
the MTJ is needed. Large tunnel currents have a deteriorating effect on the
quality of the tunnel barrier, creating some significant challenges for devel-
opment of the STT-MRAM.

1.3 Spin-orbit torques

In this thesis we will focus on a different technique to switch the free mag-
netic layer. We suggest an MRAM switching by spin-orbit torques from
the Pt/Co layers, induced by a current running below the tunnel barrier
instead of through it, this is shown in figure 1.5b. These spin-orbit torques
originate from spin-orbit coupling, a subject which will be discussed in sec-
tion 2.1. In recent years, two possible results from these spin-orbit torques
have been thoroughly investigated: domain wall motion (where the walls
of magnetic domains are moved through a thin wire due to a current run-
ning through this wire) and magnetization reversal (where the magnetiza-
tion of a film is switched by a very short current pulse).

While everyone agrees on the importance of spin-orbit torques in thin
films, scientists do not yet agree on their origin. Since 2010 [6] researchers
have claimed that the spin-orbit torques are mainly due to the so-called
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Figure 1.5: Two methods to switch the free layer of an MTJ in the MRAM:
(a) spin transfer torque and (b) spin-orbit torques.

Rashba effect. These Rashba magnetic fields, which originate from the
asymmetric interfaces around the magnetic layer, are said to be responsible
for domain wall motion [7] and magnetization reversal [8] in certain ma-
terials. Although Rashba fields are known to exist in semiconductors, their
existence in ferromagnetic metals is still heavily debated. Other researcher
have therefore come up with an alternative explanation for the spin-orbit
torques. In 2012 an article was published [9] in which the authors, from
Cornell University in Ithaca (USA), claim that the spin Hall effect (SHE)
is responsible for this magnetization reversal. In an article by Haazen et
al. [10], submitted to Nature Materials, researchers from our group have
shown that the domain wall motion can also be explained by the spin Hall
effect.

The spin-orbit torques may be very relevant for future memory devices.
Spin-orbit torque induced magnetization reversal could be the solution to
the problem mentioned in the previous section, by taking care of the re-
versal of the free layers in the MRAM. Domain wall motion is at the basis
of the racetrack memory [11], a technique where information is stored in
magnetic domains which are moved through a static wire by exerting a
force on the domain walls.

1.4 This work

The work in this thesis is motivated by the ongoing discussion regarding
the origin of the spin-orbit torques and the relevance of these torques for
future memory devices. Through a combination of simulations and meas-
urement results, we will show that it is the spin Hall effect which is re-
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sponsible for the spin-orbit torques in thin Pt/Co layers. In addition, we
will demonstrate that the influence of Rashba fields can be neglected. By
varying the thickness of the Pt layers from which the spin Hall effect origin-
ates, its effect on the magnetization dynamics can be tuned. This method is
exploited to quantify the magnitude of the so-called spin Hall angle.

In addition to studying the spin-orbit torques, we will work towards
fabricating a magnetic tunnel junction (MTJ) which can be switched using
the spin Hall effect. In order to fabricate such an MTJ, a thorough under-
standing of the oxidation of the AlOx tunnel barrier is required. We will
present an extensive study on the role of plasma oxidation and thermal
annealing on the final oxidation state of the AlOx layer.

1.5 Outline

In this chapter we introduced the challenges that motivate the work presen-
ted in this thesis. In Chapter 2 we will elaborate further on the theory that
is required to understand the problems we are faced with and our approach
to solving them. We will introduce the theory behind spin-orbit coupling
and attempt to conceive an intuitive picture of the torques that may ori-
ginate from this effect, the spin Hall effect and Rashba effect. To study
the magnitude of the SHE, the effect of finite thickness multilayers on the
magnetization dynamics is exploited, of which the theory is also discussed
in this chapter. Subsequently the basis for our simulations, the macrospin
approximation, is introduced. Finally the sources of magnetic anisotropy,
essential for understanding the results of the aluminium oxidation study,
are discussed.

In Chapter 3 the experimental setups employed for the work in this
thesis are introduced in two parts. The first part discusses the fabrication
setups used to deposit, oxidize and structure the multilayers studied in
this thesis. The second part covers the various setups used to determine
the magnetic characteristics of the samples and study the magnetization
dynamics under the influence of an electrical current.

Chapter 4 contains the results of simulations and experiments on the
effect of spin-orbit torques in thin Pt/Co layers on the magnetization dy-
namics. These experiments and simulations can be compared to confirm
that the spin Hall effect can explain the effect of spin-orbit torques. By fur-
ther analysis of the measurements, we will show that the spin Hall effect,
and not the Rashba effect, is solely responsible for these spin-orbit torques.
Finally, the results are used to quantify the influence of the spin Hall effect
by determining the spin Hall angle.

In Chapter 5 the results of a study on the oxidation of aluminium layers
are presented. In order to successfully fabricate magnetic tunnel junctions,
a satisfactory understanding of the processes involved in this oxidation is
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required. After discussing the two important processes, oxidation and an-
nealing, an extensive study is presented paving the way for the fabrication
of an MTJ switched by the spin Hall effect.

In Chapter 6, the most important conclusions of our work are summar-
ized. The chapter will also contain an elaborate outlook. We will provide
some recommendations for future research and present our attempts at fab-
ricating a spin Hall effect switched magnetic tunnel junction.



Chapter 2

Theory

In this chapter the theoretical foundation for the work presented in this
thesis will be discussed. In this thesis the effect of spin-orbit torques on
the magnetization dynamics is studied. These spin-orbit torques originate
from spin-orbit coupling which will therefore be discussed first. The first
spin-orbit torque which is discussed is the torque from the spin Hall ef-
fect, introduced in the second section. The effect of the spin Hall effect in
the thin multilayers studied in this thesis, is very different from the effect
in thick bulk materials, something which is covered in the third section.
Another spin-orbit torque which may play a role is a torque due to the
Rashba effect which is covered in the next section. After introducing these
torques, we will study their effect on the magnetization dynamics; a mac-
rospin model which can be used to describe the magnetization dynamics is
therefore introduced in this chapter. Finally, the origin of the perpendicu-
lar magnetic anisotropy, exhibited by the samples studied in this work, is
discussed. This final section is especially relevant for the oxidation studies
presented in chapter 5.

2.1 Spin-orbit coupling

In the following discussion we will consider the interaction between two
important properties of the electron, the spin angular momentum and the
orbital angular momentum. These momenta are coupled by a phenomenon
called spin-orbit coupling, which will be introduced in this section. For a
more general approach we recommend the textbook by J. Coey [12].

We will study the orbit of an electron around a nucleus from the elec-
tron’s reference frame. From the perspective of the electron, the nucleus
with charge Ze (Z being the number of protons and e the elementary
charge) revolves around it at a distance r, this orbit is shown in figure 2.1.

9
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Ze

Bso
me r

Figure 2.1: The spin-orbit interaction from the electron’s reference frame.
An orbiting nucleus with charge Ze generates a magnetic field Bso at the
position of the electron which has a mass me.

This motion can be expressed as a current loop

I =
Zev
2πr

(2.1)

with v the velocity at which the electron rotates (and thus the nucleus seems
to rotate from the electron’s point of view). This current loop results in a
magnetic field

Bso =
µ0 I
2r

=
µ0Zev
4πr2 (2.2)

at the position of the electron, with µ0 the vacuum permeability. The energy
of the electron’s spin magnetic moment (which is approximately equal to
the Bohr magneton µB) in this magnetic field is then given by

Eso = −µBBso = −µB
µ0Zev
4πr2 . (2.3)

For an inner electron r ≈ a0/Z with a0 the Bohr radius, µB = eh̄
2me

with me
the electron rest mass and mevr ≈ h̄, equation 2.3 can be rewritten to:

Eso = −
µ2

Bµ0Z4

2πa3
0

. (2.4)

There is one fraud in the calculation above. The complete analysis was
performed from the electron’s reference frame, but the electron undergoes
a constant acceleration in its orbit around the nucleus. We can correct for
this by making a kinematic correction, known as the Thomas precession
[13], which introduces a factor of 1/2 in this context, rendering:

Eso = −
µ2

Bµ0Z4

4πa3
0

. (2.5)

The magnitude of the spin-orbit interaction energy Eso depends heavily
on the number of protons Z. Although this interaction may be relatively
weak for the common elements high in the periodic table, the spin-orbit
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Figure 2.2: The spin hall effect in a wire, depicted in (a) 2D and (b) 3D,
causes the moving electrons to experience a transverse velocity, depending
on their spin direction.

coupling becomes large for heavier materials such as Pt (Z=78) and Au
(Z=79). Since the spin Hall effect, discussed in the next section, is a con-
sequence of the spin-orbit coupling, it is especially large in the heavy ma-
terials such as Pt and Au. We have to note here that an even larger spin Hall
effect has been found in certain compositions of lighter materials, such as
Ta (Z=73) and W (Z=74). The reason for this will become clear when we
discuss the origin of the spin Hall effect in the next section.

2.2 The spin Hall effect

The spin Hall effect was first proposed by Dykanov and Perel in 1971 [14],
it describes the accumulation of spin on the surfaces of a current-carrying
material. The term spin Hall effect was introduced by Hirsch [15], since it is
somewhat similar to the classical Hall effect (in which charge accumulation
occurs).

The spin Hall effect is schematically shown figure 2.2. A moving elec-
tron gains an additional velocity perpendicular to the direction it is moving
and perpendicular to its spin direction. For example, an electron moving
in the−x direction (figure 2.2) with its spin aligned in the−y direction will
attain an additional velocity in the z direction. An electron aligned in the
opposite direction, the y direction, will attain an opposite direction in the
−z direction.1

The spin Hall effect finds its origin in the previously discussed spin-
orbit coupling, which relates the movement of an electron to its spin. Thus,
in materials which exhibit a strong spin-orbit coupling, the spin Hall effect

1Since the electron spin in an ordinary charge current has no preferential direction, the
spin Hall effect does not result in a charge accumulation like the ordinary Hall effect does.
However, in a spin-polarized material such as a ferromagnet, the electron spin does have
a preferential direction. Consequently the spin Hall effect results in a charge current, this
effect is called the anomalous Hall effect and is employed in our experimental setup (section
3.2.1).
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x
y

z

Figure 2.3: The spin Hall effect in the Pt layer is used to inject a spin current
in the ferromagnetic Co layer, which influences the magnetization dynam-
ics.

is expected to be larger. The magnitude is defined by a so-called spin Hall
angle θPt

SH. This dimensionless spin Hall angle relates the charge current
density at an interface Je to a spin current density JS by:

JS = θPt
SH Je. (2.6)

In this thesis, the spin current due to the SHE in a Pt layer is used to
influence the magnetization dynamics of a ferromagnetic Co layer, this is
shown in figure 2.3. Since Pt is a heavy element (Z = 78) the spin-orbit
coupling is strong. Due to this strong spin-orbit coupling the SHE in Pt is
large. The exact value of θPt

SH remains unknown, but various researchers
have come up with values ranging from θPt

SH ≈ 0.0037 [16, 17] to θPt
SH ≈

0.113 [18]. Recent work by Liu et al. resulted in θPt
SH ≈ 0.07 [9], determined

by employing multiple methods.
There are several contributions from which the spin Hall effect arises,

two extrinsic contributions (skew-scattering and side-jump) and an in-
trinsic one. The extrinsic contributions originate from scattering processes
whereas the intrinsic contribution is a result of the inherent property of
the material [19]. The extrinsic skew scattering is most easy to understand;
when an electron scatters from a positively charged impurity it experiences
an electric field for a very short time. Through spin-orbit coupling this
electric field looks, from the electron’s frame of reference, like an inhomo-
geneous magnetic field and the electron experiences a force of which the
direction depends on its spin. This skew scattering therefore results in a
spin-dependent anomalous velocity and contributes to the spin Hall effect.

Apart from the extrinsic skew scattering there are other contributions
to the spin Hall effect, of which the intrinsic contribution is thought to be
dominant in Pt [20]. This intrinsic contribution finds its origin in the Berry
curvature of the band structure, a topic which is too elaborate to discuss
in this thesis. For a complete overview of the various contributions to the
spin Hall effect we recommend the work by Haazen et al. [21]. For first-
principle calculations on the intrinsic contribution to the spin Hall effect we
recommend the work by Guo et al. [20].
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In other materials the contribution of the skew-scattering may be larger
than the intrinsic contribution. Large spin Hall angles have been repor-
ted for high-resistivity forms of Ta, θ

β−Ta
SH = 0.12 to 0.15 [9], and W, where

θ
β−W
SH = 0.30± 0.02 [22]. It may well be that the increased scattering which

causes the higher resistivity of these materials also causes the contribution
of the skew-scattering to increase.

The spin current injected in the ferromagnetic Co layer interacts with
the local magnetization by exerting a torque on it. In section 2.5 the in-
fluence of this torque on the magnetization dynamics (through the LLG
equation) will be discussed. This interaction of a spin current with a mag-
netization was first studied by Slonczewski in 1996 [4], who studied the
spin-transfer torque from a charge current running perpendicular to paral-
lel magnetic thin films. However, the methods described in his work can
also be applied to a spin current injected in a ferromagnetic layer. The
Slonczewski torque is largest when the direction of the injected spin is
perpendicular to the magnetization direction and smallest when they are
(anti)parallel. A simplified form of the Slonczewski torque on a Co layer
from a spin current JS is given by [9]

~τSHE =
h̄

2eMStCo
JS(m̂× σ̂× m̂), (2.7)

with MS the saturation magnetization, tCo the Co layer thickness, m̂ the nor-
malized magnetization direction and σ̂ the direction of the injected spins.
The h̄

2e prefactor converts the units of JS (which is in units of charge current
density C

sm2 ) to the units of spin current density h̄
2sm2 . The 1

MSt factor reduces
the torque by the total magnetic moment per area of injected spin current.
The effect of ~τSHE on the magnetization dynamics is discussed in section
2.5.

2.3 SHE in finite thickness multilayers

In the previous section we introduced the spin Hall effect. There are
three factors which may influence the magnitude of the spin Hall effect
in Pt/Co/Pt and Pt/Co/AlOx multilayers. These three factors are the non-
uniform current distribution through the layers, the limited spin torque
due to diffusion (depending on the spin-diffusion length in Pt λPt) and the
opposing spin torques from the bottom and top layers. In this section these
three influences are discussed, eventually rendering an effective current
density Je f f

e which may be used in conjunction with equation 2.6 to render
an effective spin current.



14 Chapter 2. Theory

2.3.1 Non-uniform current distribution

The most simple way to estimate the current density J through a material
is by dividing the current I by the area through which this current runs. In
the case of, for instance, a Pt(2 nm)/Co(0.5 nm)/Pt(4 nm) strip with 1.5 µm
width through which a current I = 3 mA runs, this results in a current
density of J = 3×10−3

6.5×10−9×1.5×10−6 = 3.07× 1011 A/m2.

The approximation above is not satisfactory for our samples for two
reasons. First of all, the resistivity of the Pt and Co layers is different, which
results in a different current density in both of the layers. Secondly, due to
electron scattering at the interfaces the conductivity at these places is much
lower. In bulk materials this effect is insignificant, but in the ultrathin layers
used in this thesis (comparable in size to the electron mean free path), this
scattering decreases the overall conductivity of the thin layers significantly.

These influences are incorporated in the Fuchs-Sondheimer model. This
model is based on the Boltzmann transport equation, which can be used to
successfully estimate the current distribution in bulk materials. Fuchs [23]
and Sondheimer [24] adapted this equation for thin magnetic films with a
thickness in the order of the electron mean free path length. The Fuchs-
Sondheimer model calculates influence of diffuse interface scattering on
the mean free path of electrons. This diffuse scattering causes electrons
to lose their momentum along the interface plane, which reduces the con-
ductivity near the interfaces. For a more detailed description of this model,
we refer to the work by Willekens [25]. Using this model we can calculate
the local conductivity as a function of the position in the layers. The para-
meters required in this model are the electron mean free paths in Pt and
Co (lPt ≈ 13.11 nm, lCo ≈ 5.2 nm)[26], the surface specularity parameter
which describe the reflection at the Pt/Co interfaces (s ≈ 0.42 [26], which
means that the reflection is partially specular and partially diffuse), the
spin-dependent interface transmission coefficients (T↑ = 0.22 and T↓ = 0.1
[27]) and the thicknesses of the Pt layers and Co layer.

A result of the Fuchs-Sondheimer model is shown in figure 2.4, the
figure shows the local conductivity as function of the vertical position in
the layer stack (from bottom to top). A larger portion of the current I
runs through the Pt layers compared to the Co, due to the longer electron
mean free path length in Pt (which results in a lower resistivity). The cur-
rent density next to the interfaces is lower due to diffuse scattering at the
interfaces. From this data we can calculate the portion of the current I
that runs through each layer. In this composition, this results in JPt,2nm =
2.48× 1011 A/m2, JCo = 9.84× 1010 A/m2 and JPt,4nm = 3.37× 1011 A/m2,
which differs quite significantly from the current density we calculated pre-
viously assuming a uniform current distribution through all the layers.
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Figure 2.4: The current distribution in a Pt(2 nm)/Co(0.5 nm)/Pt(4 nm)
stack, calculated using the Fuchs-Sondheimer model. Due to the longer
electron mean free path length, a large portion of the current will run
through these layers. The diffuse electron scattering at the interfaces res-
ults in a lower current density next to these layers.

2.3.2 Spin diffusion

Another effect we have to incorporate when working with the spin Hall
effect in ultrathin layers, is spin diffusion. In section 2.2 we introduced the
spin Hall effect, which we will use to inject spin current JS into a ferromag-
netic Co layer. But we have also shown that whenever an electron with a
certain spin moves in the +z direction, an electron with an opposite spin
will move in the −z direction. What happens to the electrons which gain a
velocity away from the ferromagnetic layer?

In figure 2.5a a single Pt/Co bilayer is shown. The spin Hall effect in-
jects electrons with a −y spin in the Co layer, electrons with opposite spin
are moved towards the bottom of the sample where they accumulate. The
accumulation of these electrons leads to a diffusion current back towards
the Co layer. Since the spin of these diffusion electrons is oriented in the
opposite direction of the spin of the electrons injected directly in the Co
layer by the SHE, this effectively reduces the injected JS.

If the spin lifetime of the electrons in Pt would be infinite, the diffu-
sion JS would be equal to the directly injected JS, resulting in a zero net
JS injected into the Co layer. However, the spin diffusion length in Pt λPt
is relatively small. Its exact magnitude remains unknown, however, it is
thought to be anywhere between 1.4 nm [28] and 10± 2 nm [29]. In this
thesis we will use λPt = 1.4 nm, since this value was obtained recently in a
comprehensive review article [28].
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Figure 2.5: (a) The spin Hall effect injects spins oriented in the −y direction
into the Co layer. Electrons with opposite spin move towards the bottom of
Pt layer where they accumulate, due to this accumulation these electrons
will diffuse back into the Co layer, partially cancelling the spin current. (b)
The result of the drift diffusion model for λPt = 1.4 nm. JS/JS (∞) on the
vertical axis is the magnitude of the quenching of the spin current due to
diffusion for various Pt layer thicknesses tPt.

Based on drift diffusion theory [30], Liu et al. [31] calculated that the
spin Hall current from a Pt layer with thickness tPt is reduced from the
bulk value by:

JS (tPt)

JS (∞)
= 1− sech

(
tPt

λPt

)
. (2.8)

This result, for λPt = 1.4 nm, is plotted in figure 2.5b. For large Pt thick-
nesses (tPt � λPt) JS (tPt) = JS (∞) and for very thin Pt layers (tPt � λPt)
JS (tPt) = 0, in line with the earlier discussion. The dotted lines show the Pt
thicknesses employed in this thesis, resulting in JS (2 nm) /JS (∞) = 0.55,
JS (4 nm) /JS (∞) = 0.89, JS (2 nm) /JS (∞) = 0.97.

In this work, we chose to incorporate the reduction due to diffusion into
the effective charge current Je f f

e instead of in the spin current JS, which is al-
lowed since these currents are directly proportional to each other (equation
2.6). Incorporating this effect along with the other effects in sections 2.3.1
and 2.3.3 in Je f f

e greatly enhances the simplicity of the analysis of our data
in chapter 4. Due to the aforementioned direct proportionality between JS

and Je f f
e , equation 2.8 changes to:

Je f f
e (tPt)

Je f f
e (∞)

= 1− sech
(

tPt

λPt

)
. (2.9)
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Figure 2.6: The spin current injected into a Co layer from a bottom and top
Pt layer. The direction of the injected spins from these layers is antiparallel.
Since the thickness of the bottom Pt layer is larger than the top Pt layer, the
spin current from the bottom layer is larger (this was discussed in section
2.3.2). The direction of the net injected spin current is therefore parallel
with the spins from the bottom layer.

2.3.3 Counteracting Pt layers

The third effect which changes the injected spin current JS, and is incorpor-
ated in our calculations of Je f f

e , is the effect of the counteracting Pt layers.
In a Pt/Co/Pt stack. Both Pt layers inject a JS with antiparallel spin direc-
tion into the ferromagnetic Co layer. These spin currents counteract each
other, which is shown in figure 2.6. If the bottom and top Pt layers would
be of equal thickness, there would be no net injected JS. The compositions
employed in our work, however, consist of bottom and top Pt layers with
different thicknesses so that the magnitude of the injected spin current can
be tuned.

The effective spin current can be calculated by subtracting the spin cur-
rent from the top layer Jtop

S from the spin current from the bottom layer Jbot
S ,

which results in JS = Jbot
S − Jtop

S . Just as in the previous section, we chose to
incorporate this effect in the effective charge current Je f f

e instead of the spin
current JS. Combining this result with the result from the previous sections
results in

Je f f
e =

(
1− sech

(
tbot

Pt
λPt

))
Jbot
e −

(
1− sech

(
ttop

Pt
λPt

))
Jtop
e , (2.10)

with Jbot
e and Jtop

e the current densities in the bottom and top layer, calcu-
lated using the Fuchs-Sondheimer model presented in section 2.3.1. Using
equation 2.10, Je f f

e for the samples used in our work can be calculated.

2.4 The Rashba effect

Apart from the spin Hall effect, there may be another torque which origin-
ates from the spin-orbit coupling. In 1960 the Rashba effect was discovered
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Figure 2.7: Different ionic potentials of the Co and its neighbouring layers
give rise to electric fields E1 and E2 at the interfaces. Electrons moving
along these interfaces, due to a current I, experience this moving charge as
a magnetic field and change their spin polarization. This spin of the free
electrons couples to the local magnetization through s-d interaction.

in semiconductors by Emmanuel Rashba [32]. More recently scientists have
suggested that this Rashba effect may also play a role in the magnetization
dynamics in ferromagnetic materials [6].

The samples studied in this thesis are ultrathin Pt/Co/AlOx and
Pt/Co/Pt strips. The Rashba effect relies on an effect which occurs at the
interfaces between the layers of these samples, this is shown in figure 2.7.
A difference in the ionic potential of the neighbouring layers gives rise to
electrical fields E1êz and −E2êz over the interfaces. If a current I is running
in the strip, a number of electrons will move along these interfaces. Due
to spin-orbit coupling (section 2.1), the electric fields look like magnetic
fields from the reference frame of these electrons. The electrons experience
magnetic fields H1êy or −H2êy, perpendicular to the current direction and
electric-field direction. The magnetic field these electrons experience inter-
acts with the electron spin, which aligns to the field. This spin-polarization
of the free electrons is subsequently coupled to the local magnetization
through s-d interaction. The net effect of the opposite magnetic fields H1êy
and−H2êy on the magnetization, can be incorporated in a so-called Rashba
field BR pointing along the y-direction.

When the materials at both Co interfaces are identical Pt layers, the dif-
ferences in ionic potential at both interfaces will be identical, E1 = E2. If
the current density at the interfaces is also equal, this results in H1 = H2.
This means that the effective Rashba field BR = 0 and the Rashba effect
does not influence the magnetization. In the case of a Pt/Co/AlOx stack,
E1 and E2 are not necessarily equal and also the current difference at the
interface is large. BR in Pt/Co/AlOx will therefore be larger than in the
case of a Pt/Co/Pt stack, in which E1 = E2 so that BR can only arise from
a relatively small current difference at the interfaces shown in figure 2.4.
This conclusion is confirmed by researchers who observe a stronger BR in
Pt/Co/AlOx than in Pt/Co/Pt [6].
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Figure 2.8: A Pt/Co/AlOx strip, with perpendicular magnetic anisotropy,
running in the x-direction. Three different torques influence the magnetiz-
ation ~M. ~τST is the spin torque from spins injected in the ferromagnetic Co
layer due to the spin Hall effect from the current I. ~τext is the torque due to
the external magnetic field ~Bext and the Rashba field ~BR. ~τan is the torque
due to the perpendicular magnetic anisotropy.

2.5 The macrospin model

In the previous sections the spin Hall effect and Rashba effect were intro-
duced. In this section we will discuss the influence of the spin Hall effect
torque ~τSHE and the Rashba field ~BR on the magnetization dynamics. For
simplicity we consider a Pt/Co/AlOx strip running in the x-direction, but
the following discussion also holds for a Pt/Co/Pt strip. The geometry
of the sample, which has perpendicular magnetic anisotropy, is shown in
figure 2.8.

The following model is known as a macrospin approximation, because
the magnetic moments of the ferromagnetic Co layer are all assumed to
be oriented in the magnetization direction ~M. Consequently, this model
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does not account for domain nucleation or expansion, mechanisms which
are dominant during magnetization reversal. Since all spins are aligned,
the magnetization ~M is assumed to be always saturated with saturation
magnetization MS, for simplicity we will use the normalized magnetization
m̂ = ~M/MS.

2.5.1 The LLG equation

In this section we will show how the Lindau-Lifshitz-Gilbert (LLG) equa-
tion is used to describe the motion of the magnetization m̂. The LLG equa-
tion is based on the Landau-Lifshitz equation, introduced by Lev Landau
and Evgeny Lifshitz in 1935 [33]. It was improved by T.L. Gilbert who intro-
duced a phenomenological time-dependent damping term (named Gilbert
damping), an excellent overview of this damping is provided by Gilbert in
a 2004 review [34].

The LLG equation is given by

dm̂
dt

= −γ
[
m̂× ~H

]
︸ ︷︷ ︸

precession

+ αm̂×
(

dm̂
dt

)
︸ ︷︷ ︸

damping

. (2.11)

The first term describes the precession of m̂ about an applied field ~Hext with
the gyromagnetic ratio γ, this motion is shown in figure 2.9a in which the
direction of the precession is depicted by the green arrow. dm̂

dt is directed
perpendicular to m̂ and ~H. Without the second term, which describes the
damping of the precessional motion due to dissipation processes (quan-
tified by the phenomenological Gilbert damping parameter α), m̂ would
never align with ~H. The influence of the damping term on the precessional
motion is shown in figure 2.9b in which the direction of the change due to
damping is depicted by the yellow arrow.

The gyromagnetic ratio is given by

γ =
egµ0

2me
, (2.12)

with the so-called g-factor g = 2.18 in Co [2], γ can then be calculated to
be γ = 1.917 × 1011 rad T−1 s−1. Combined with a typical damping α =
0.2 , the processes described by the LLG equation typically occur within
nanosecond time scales.

Apart from the torque due to an external magnetic field, other torques
may influence the magnetization dynamics. We can simply substitute
−
[
m̂× ~H

]
(the torque due to a magnetic field) with the sum of the torques
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Figure 2.9: The precessional motion (the blue line) of the magnetization m̂
with damping constants (a) α = 0 (no damping) and (b) α = 0.1. The red
arrow denotes the initial magnetization direction, the green/yellow arrows
represent the precession/damping components in equation 2.11.

~τtot, which will be introduced in the next section. Equation 2.11 then be-
comes

dm̂
dt

= γ~τtot + αm̂×
(

dm̂
dt

)
. (2.13)

Equation 2.13 contains two terms with dm̂
dt , we therefore rewrite this

equation to render

dm̂
dt

=
γ

1 + α2 (~τtot + α (m̂×~τtot)) . (2.14)

The details of this procedure are described in appendix B.
To study the magnetization dynamics, a Matlab script was developed.

This script calculates the torques for the initial magnetization m̂ after which
equation 2.14 is solved for a small time step, the process is then repeated
with the new m̂ until an equilibrium is reached.

2.5.2 Torques

In this section the torques which influence the magnetization dynamics are
introduced, this work is based on a recent paper by Liu et al. [9]. These
torques, shown in figure 2.8, are defined with the convention that~τtot gives
the direction of d~m/dt and thus influence the magnetization which is tilted
out of the perpendicular easy-axis. The angle between the ~m and the xy-
plane is given by θ. The first torque we consider is the spin torque due
to the spin Hall effect. In the previous sections we presented that a spin
current (in units of A/m2) is induced by an effective charge current:

JS = θPt
SH Je f f

e , (2.15)
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with θPt
SH the spin Hall angle in Pt. The spin torque due to this spin current

JS at the magnetic layer is given by

~τSHE = τ0
SHE(m̂× σ̂× m̂) =

h̄
2eMStCo

JS(m̂× σ̂× m̂), (2.16)

with tCo the thickness of the magnetic layer and σ̂ the direction of the spins
which are injected at the Co layer, σ̂ is always aligned along the y-axis. ~τSHE
is depicted by the pink arrow in figure 2.8.

The second torque we introduce, is a torque due to a magnetic field.
There are two magnetic fields which may influence the magnetization dy-
namics. There is the external field ~Bext at an angle β with the xy-plane and
there may also be an effective magnetic field ~BR due to the Rashba effect.
These fields result in a torque

~τext = −m̂×
(
~Bext + ~BR

)
, (2.17)

depicted by the blue arrow in figure 2.8 (in the case where ~BR = 0).
The final torque is the torque from the anisotropy field (depicted by the

green arrow in figure 2.8). This anisotropy field, which attempts to restore
the magnetization in one of the perpendicular directions, is given by:

~τan = −µ0

(
~m× ~Ban

)
= −B0

anmz(m̂× ẑ). (2.18)

In situations where the sum of these three torques is equal to zero:

~τtot = ~τSHE +~τext +~τan = 0, (2.19)

the magnetization dynamics are in equilibrium.
We now use the macrospin simulation, developed in Matlab, to simu-

late the magnetization dynamics of a specific situation in which the Rashba
field ~BR = 0. We imagine the sample shown in figure 2.8 with a small
external magnetic field ~Bext = B0

an × 10−3 oriented in the xz-plane at an
angle β = 4◦ with the plane. Initially I = 0, therefore the torque from
the SHE τ0

SHE = 0. If the current I is then increased to a value for which∣∣τ0
SHE

∣∣ < 0.5B0
an, m̂ remains in the xz-plane. This is shown in figure 2.10a.

If the current I is increased to a value for which
∣∣τ0

SHE

∣∣ > 0.5B0
an, the mag-

netization no longer remains in the xz-plane and also occupies the third
dimension, this is shown in figure 2.10b. This behaviour is analysed fur-
ther in the next section, where we will introduce a method to study the
spin torque due to the spin Hall effect.

2.5.3 An analytical simplification

Apart from simulating the magnetization dynamics, an analytical simpli-
fication of the magnetization dynamics for situations in which m̂ remains
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Figure 2.10: The magnetization dynamics calculated using the macroscopic

LLG solver for (a) τ0
SHE
B0

an
= 0.49 and (b) τ0

SHE
B0

an
= 0.51. Initially m̂ = ez (the

red arrow), after equilibration with ~Hext, I is ramped up until the afore-
mentioned magnitude of τ0

SHE is reached, finally I is reduced to zero again.
Notice that in figure (a) m̂ remains in the xz plane (illustrated by the red
circle) during this process whereas in figure (b) m̂ moves in all dimensions,
and eventually reverses to m̂ = −ez.

in the xz-plane can be performed. When the magnetization m̂ is in equilib-
rium, the total torque is zero:

~τtot = τ0
SHE(m̂× σ̂× m̂)− m̂×

(
~Bext + ~BR

)
− B0

anmz(m̂× ẑ) = 0. (2.20)

Since m̂ remains in the xz-plane, all torques in equation 2.20 are collinear
in the y-direction (see figure 2.8 for reference). Equation 2.20 can therefore,
using vector algebra (and the fact that ~BR = 0), be rewritten to

τtot = τ0
SHE + Bext sin (θ − β)− B0

an sin (θ) cos (θ) = 0, (2.21)

with the θ and β the angles of the magnetic moment m̂ and the external
magnetic field ~Bext with the plane.

We can now see why this analytical expression is only valid for
∣∣τ0

SHE

∣∣ <
0.5B0

an, as our simulations in the previous section suggest. We will show
that for |Bext| � Ban, equation 2.21 has no valid solutions for θ if

∣∣τ0
SHE

∣∣ >
0.5B0

an. Let us assume |Bext| is very small compared to B0
an and τ0

SHE, equa-
tion 2.21 then becomes:

τ0
SHE = B0

an sin (θ) cos (θ) . (2.22)

Since sin (θ) cos (θ) = 1
2 sin (2θ), −0.5 < sin (θ) cos (θ) < 0.5 which results

in
∣∣∣ τ0

SHE
B0

an

∣∣∣ < 0.5. In the case where |Bext| > 0 the restriction on τ0
SHE becomes
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Figure 2.11: Equation 2.21 with β = 4◦, solved for θ for various combina-
tions of τ0

SHE/B0
an and Bext/B0

an using a Matlab routine. In the red area the
equation could be solved, and the analytical simplification in section 2.5.3
is valid. In the white area the equation could not be solved and m̂ can not

remain in the xz-plane in equilibrium situations. As long as
∣∣∣ τ0

SHE
B0

an

∣∣∣ < 0.5
the equation is solvable and the analytical simplification may be used.

less strict, which is shown in figure 2.11. The figure shows the result of
a Matlab routine which solves equation 2.21 for combinations of Bext and
τ0

SHE. It shows that for certain combinations of Bext/B0
an and τ0

SHE/B0
an no

solution of equation 2.21 could be found. However, as long as we restrict

ourselves to values of
∣∣∣ τ0

SHE
B0

an

∣∣∣ < 0.5 the analytical expression in this section
is valid for all values of Bext.

We now wonder what currents densities may be used without break-
ing the aforementioned restriction

∣∣τ0
SHE

∣∣ < 0.5B0
an. Since B0

an > 300 mT,∣∣τ0
SHE

∣∣ = ∣∣∣ h̄
2eMStCo

JS

∣∣∣ < 150 mT, with the saturation magnetization MS =

1.4× 106 A/m and the Co thickness tCo ≤ 0.7 nm, which results in |JS| <
4.47 × 1011 A/m2. Taking the largest spin Hall angle for Pt found in lit-
erature: θPt

SH ≈ 0.113 [18], this corresponds to a charge current density of
|Je| < 3.95× 1012 A/m2, about 10 times larger than the values we use (es-
timated using the technique in section 2.3.1). We therefore conclude that
the above simplification, which resulted in equation 2.21, may be used in
chapter 4 to quantify the magnitude of the spin Hall effect.

2.6 Magnetic anisotropy

The magnetic anisotropy is defined as the energy it takes to rotate the mag-
netization direction from the easy-axis into the hard-axis [2]. The concept of
perpendicular magnetic anisotropy (PMA) was already introduced in the
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introduction (section 1.1). Magnetic anisotropies may have many differ-
ent origins, such as the electrical field of the crystal, the shape of the mag-
netic volume or mechanical strain. Without the magnetic anisotropy, thin
films would have no magnetic order and even the magnetization in bulk
materials would twist and turn. This is due to the fact that the exchange
interaction, which gives rise to magnetism, is a short-range interaction and
therefore allows the magnetization to rotate on a long range.

A first-order approximation of the anisotropy in thin films is given by

Eani = (Ku + Ks) sin2 (γ) , (2.23)

with Ku the magnetocrystalline anisotropy (MCA) which originates from
the atomic structure and bonding in the film, Ks the shape anisotropy
which depends on the shape of the magnetic volume and γ the angle of
the magnetization with the perpendicular direction. In the case of a thin-
film, Ks ≈ −M2

S/2µ0.

2.6.1 Shape anisotropy

The shape anisotropy in thin magnetic layers, originates from dipole inter-
actions between the atomic moments. The dipole energy of the magnetic
moments is given by [2]

Edip−dip = − 1
2πµ0

∑
i 6=j

1
r3

ij

[
mi ·mj − 3

(
rij ·mi

) (
rij ·mj

)
r2

ij

]
. (2.24)

This is a summation over all atomic dipoles mi and mj with rij the vec-
tor connecting the magnetic moments. Due to exchange interaction, all the
atomic moments are oriented in parallel. We now consider two situation
for a thin magnetic film, in-plane orientation of the magnetic moments (fig-
ure 2.12a) and out-of-plane orientation of the magnetic moments (figure
2.12b). Since all moments are oriented in parallel, the mi ·mj term in equa-
tion 2.24 renders an equal result for both situations. The

(
rij ·mi

) (
rij ·mj

)
term however, encourages magnetic moments to orient along the inter-
nuclear axis rij. This orientation occurs more often between neighbour-
ing dipoles in the in-plane magnetization (emphasized by the red circles in
figure 2.12a), then it does in the out-of-plane magnetization (figure 2.12b).
Edip−dip in equation 2.24 depends very heavily on the interaction between
nearest-neighbours due to the 1

r3
ij

factor. Therefore, the in-plane orientation

is energetically favourable. For a more details on the shape anisotropy we
recommend the work by J. Stöhr [2].
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(a) (b)

Figure 2.12: The dipole interaction in thin layers for (a) perpendicular and
(b) in-plane magnetized samples. The red circles emphasize the energetic-
ally favourable dipole interactions.

2.6.2 Magnetocrystalline anisotropy

The samples studied in this thesis all exhibit PMA, which means that the
easy-axis is oriented perpendicular to the sample plane. Equation 2.23 then
results in (Ku + Ks) > 0, which means that the magnetocrystalline aniso-
tropy must dominate over the shape anisotropy. In this section we will dis-
cuss why the interfaces of the Co layer with the Pt and AlOx layer induce a
perpendicular magnetic anisotropy.

(a) dz2 (b) dxz (c) dyz (d) dxy (e) dx2−y2

Figure 2.13: The orbital configurations for the real wave functions for elec-
trons in the 3d subshell.

The magnetization in the ferromagnetic Co is carried by the electrons
in the 3d-band. Since electrons in the d-subshell have angular quantum
number l = 2, there are five different wave functions for these electrons
to occupy (ignoring the electron spin), associated with the orbital angular
momenta ml = {−2,−1, 0, 1, 2}. These wave functions are complex and de-
generate. Due to this degeneracy, we are free to construct a new set of five
orthogonal solutions based on a linear combination of the aforementioned
wave functions [35]. These real solutions, known as the 3d-orbitals, are
shown in figure 2.13. Note that these orbitals have no orbital momentum
along a specified axis (Lz = 0), since the magnetic quantum number ml of
the orbitals they are composed of cancel out.

Consider one of these 3d electrons in a free monolayer (which means
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(a) dxy (b) dx2−y2

Figure 2.14: Top-down view of two orbitals in the ligand field model. (a)
The dxy orbital is energetically unfavourable for the electron to be in, due
to coulomb repulsion from neighbouring atoms. (b) The dx2−y2 is much
less unfavourable since the orbitals are further away from the negatively
charged neighbours.

that interactions with other layers do not play a role), surrounded by other
atoms which can influence the electron. This influence is called crystal-
field splitting [36] and is shown in the so-called ligand field model in figure
2.14. Due to coulomb interactions with neighbouring atoms, certain orbit-
als become less energetically favourable. The dxy orbital in figure 2.14a, for
instance, has a higher energy than the dx2−y2 orbital in figure 2.14b, which
gives rise to a splitting of the crystal field.

Due to this energy difference, it becomes unlikely that the dxy and dx2−y2

mix. Since these orbitals, which are oriented in the plane, have no orbital
momentum along a specified axis of their own (Lz = 0) and it is impossible
for them to achieve orbital momentum through mixing, the perpendicular
orbital momentum which would otherwise arise from orbitals in the plane
is quenched.

Because we are considering a free monolayer, this quenching is much
smaller for orbitals which are oriented out of the plane: d3z2−r2 , dxz and dyz.
Since the energy difference between these orbitals is much smaller, they are
free to mix and generate orbital momentum Lz. Energetically speaking, this
mixing is very useful: the electron spin is free to align with Lz to reduce the
energy of the system through spin-orbit coupling. So due to the mixing of
certain orbitals, a direction dependent Lz is generated, which gives rise to
a direction dependent spin and thus a direction dependent magnetization.
This is the magnetocrystalline anisotropy.

The example above focusses on a free monolayer of atoms, in which the
orbital momentum in the bonding plane is expected to be larger than the
orbital momentum perpendicular to it [35]. However, these magnetocrys-
talline anisotropies are small compared to the shape anisotropy (Ku < Ks).
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This changes when the magnetocrystalline anisotropy due to the interface
is concerned, i.e. a (few) monolayer(s) sandwiched between other materi-
als.

The perpendicular magnetic anisotropy in Pt/Co/Pt and Pt/Co/AlOx
originates from overlap between the 3d orbitals in Co with the 2p orbitals in
oxygen and 5d orbitals in Pt at the interfaces. Tsymbal and Belashchenko
[37] have shown that this overlap in orbitals gives rise to a crystal-field
splitting between the in-plane orbitals dxy and dx2−y2 (which, when mixed,
give rise to out-of-plane angular momentum) and the orbitals which are
oriented out of the plane d3z2−r2 , dxz and dyz (which, when mixed, give
rise to in-plane angular momentum). This splitting reduces the energy of
the orbitals which can give rise to out-of-plane angular momentum. This
perpendicular angular momentum results, through spin-orbit coupling, in
a perpendicular magnetic anisotropy [38, 39, 40, 41, 42].

In addition to magnetocrystalline anisotropy, the lattice mismatch at the
Pt/Co interface may induce a strain anisotropy. This strain originates from
the change in distance between the atoms [43]. There is no literature which
suggests that strain anisotropy may also play a role at the Pt/Co/AlOx in-
terface, we therefore do not account for this behaviour when the oxidation
of the Al layer is studied in chapter 5.
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Experimental tools

The samples studied in this thesis have a thickness of only a few nano-
metres and contain structures with micrometer dimensions. Fabricating
these samples and performing measurements on them requires a special set
of experimental tools and methods, which are introduced in this chapter. In
the first section the fabrication of ultrathin structured devices is presented.
The second section introduces the tools and methods used to study and
characterize these devices.

3.1 Fabrication

In this report both one-dimensional and three-dimensional samples are
studied. The one-dimensional samples consist of a stack of various ul-
trathin layers with thicknesses around 1 nm. Since the lateral dimension
of these samples is generally a few centimetres, they are said to be one-
dimensional. In addition to this layered stacking, the two-dimensional
samples are patterned laterally as well, creating structures of µm length-
scales.

The first step discussed in this section is the deposition, with which the
ultrathin one-dimensional layers are created. In the second part we will
describe the structuring steps use to create the three-dimensional samples.

In order to create aluminiumoxide (AlOx) layers, a deposited Al layer
needs to be oxidized. The setups described in the last two parts of this
section cover the oxidation and annealing of the sample, with which an
AlOx layer is created.

3.1.1 Deposition

The thin films required for our devices are deposited by DC sputtering, a
method common in this field of research. The samples are deposited on
silicon substrates of which the top 100 µm have been thermally oxidized

29
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Metal atomWedge mask Substrate

Figure 3.1: The sputtering process. An argon ion is accelerated through the
electric field towards the target, at the target the impact knocks free a metal
atom which condenses on the substrate, forming a thin film.

to prevent electrical conduction through the substrate. The substrate is cut
from a wafer, cleaned in ammonia, acetone and isopropanol respectively
and then loaded into the CARUSO sputter machine. Inside this setup an
ultra high vacuum is maintained with a base pressure of 3 × 10−8 mbar.
Before deposition, the substrates are plasma cleaned for 300 seconds using
the setup described in the next section.

Inside CARUSO six columns (called toruses) are mounted, each con-
taining a target made of a different material. The stage on which the sub-
strate is placed can be rotated, so that it is directly beneath one of these
toruses. In order to initiate the sputtering process (shown in figure 3.1)
the chamber is filled with ultra-pure argon1 resulting in a pressure of ap-
proximately 1× 10−2 mbar. By applying a large potential (250 V to 500 V,
depending on the target) between a ring-shaped anode and the target, the
argon gas ionizes. This plasma, contained by a magnetic field, removes
atoms from the target material which are then deposited on the substrate,
creating a uniform layer at a constant rate.

The sputtering rate (in Å/s) is calibrated using an X-ray diffraction
setup. Since the rate is known, the deposited layer thickness can be determ-
ined by controlling the time for which a shutter which blocks the substrate
from the sputtered atoms is opened. Typical rates are in the order of 1 Å/s
for Pt and 0.3 Å/s for other metals, the Pt sputtering rate is higher since a
large plasma power is applied to the Pt target.

Apart from fabricating uniform layers, it is also possible to deposit a
wedge geometry using the CARUSO machine. An example of such a geo-

1By passing it through a gas filter, the argon is purified from Ar 6.0 to 9.0, meaning
99.9999999% purity.
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20 mm

Figure 3.2: A sample with a wedge geometry. After depositing the Pt layer,
a wedge mask is slowly moved over the sample while Co is being depos-
ited. After Co deposition the mask is removed and the Al is deposited.

metry is shown in figure 3.2. A wedge mask, placed <0.5mm above the sub-
strate and at the edge of the intended wedge, is moved over the substrate
during the sputtering process, slowly shadowing the whole substrate. By
employing this method the duration of exposure to the sputtered atoms
varies with position and a wedge is created.

3.1.2 Structuring

Substrate
Resist

Substrate

Substrate
Resist

Substrate
Resist

Substrate
Resist

Substrate

Spin-coating

Development

Exposure

Deposition

Lift-o�

Figure 3.3: The
EBL process.

In the previous sections we have described the methods
used to fabricate ultrathin films. There is, however, an-
other tool required to fabricate our samples. To make
functional devices a method which enables us to fabric-
ate small structures in the sample plane is needed. The
method employed in this thesis is called electron beam
lithography (EBL). The EBL process described in this sec-
tion will be explained using figure 3.3.

After a substrate has been thoroughly cleaned using
ammonia, acetone and isopropanol, the first step involved
in the EBL process is spin-coating. Two PMMA2 layers
are spin-coated on top, by depositing PMMA solved in
anisole on the substrate after which it is rotated at 5000
rpm for 50 seconds. The first and second layer consist of
PMMA with respectively 495k and 950k repeating units.
After each spin-coating step the layers are baked on a
hotplate for 2 minutes at 150◦ C to remove the remaining
solvent. We use two different PMMA layers, a ’soft’ 495k
layer on the bottom and a ’hard’ layer 950k layer on top,
to enhance the edges of the created structures.

2Poly(methyl methacrylate), a polymer also known as plexiglas.
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The exposure step takes place in the FEI Nova 600i dual-beam setup.
In this machine we employ the electron beam to write the small structures
which eventually will be deposited. The electrons, accelerated at 30 keV
towards the substrate, break the PMMA bonds in the resist layer. Using
this setup it is feasible to fabricate structures with <µm resolution. After
exposure the development step takes place, the exposed PMMA is removed
by immersion in a developer (methyl isobutyl ketone) for 45 seconds. The
areas bombarded by the electron beam are now exposed.

To prevent contamination before the deposition step, the sample is
loaded into the CARUSO sputtering setup immediately after development.
The required films are, after 120 seconds of plasma cleaning, deposited as
we would ordinarily do without nano-structuring. In the exposed areas the
sputtered layers will be deposited on the substrate, whereas on the rest of
the sample the deposition will take place on the resist layer.

After all films have been deposited, the lift-off step takes place. The
sample is removed from the vacuum and immersed in an ultrasonic acet-
one bath, dissolving the resist layers. The material deposited on top of the
resist layers is also removed, leaving only deposited structures in the areas
exposed to the electron beam.

In some cases it is required to repeat the EBL process multiple times to
create different layered structures on a single sample.

3.1.3 Oxidation

The oxidation setup is used for oxidizing the Al after sputtering and for
plasma cleaning of the substrates before sputtering. The oxidation cham-
ber is part of the same ultra high vacuum setup as CARUSO, operating at
pressures around 3× 10−8 mbar, to prevent the uncontrolled oxidation of
the Al layers. The samples can be moved to this separate oxidation cham-
ber by means of transport rails.

The sample is placed directly beneath the electrodes, as shown in figure
3.4. A pre-volume is filled with O2 to a pressure of 26.5 mbar, which eventu-
ally results in a pressure of 0.1 mbar in the oxidation chamber. A potential is
placed over the electrodes, for which a power supply is current limited (to
either 7.5 mA or 15 mA) so that the voltage over the electrodes is determ-
ined by the plasma conduction. To initiate the oxidation the valve to the
vacuum pump is closed and the pneumatic valve between the pre-volume
and oxidation chamber is opened. The O2 will flow in the chamber and the
plasma will ignite, stabilizing within 1 second. As soon as the sample has
been oxidized sufficiently, the valve to the vacuum pump is opened again
and the plasma is instantaneously extinguished.

In addition to oxidizing Al layers, this setup is used to plasma clean the
substrates. Thorough chemical cleaning of the substrates can not prevent
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Figure 3.4: The oxidation setup. By applying a voltage over the anode and
cathode, an O+ plasma is created directly above the substrate. A shield is
placed to prevent sputtering by atoms from the cathode.

some microscopic pollution from organic substances in the environment.
Since O2 plasmas are very efficient at breaking organic bonds all substrates
are placed in an O2 plasma for 5 minutes before depositing any films.

3.1.4 Annealing

To enhance the distribution of O in the oxidized Al layer, the samples are
annealed at an elevated temperature. The annealing oven, used for this
process, consists of a round glass tube in which the sample is placed. Ar-
gon 6.0 flows through this tube to make sure that the sample is not contam-
inated by the atmosphere during the annealing process. A high-resistive
wire is wound around the glass tube to heat the sample. A Eurotherm 2404
PID controller feeds a current to this wire while simultaneously monitor-
ing the sample temperature via a thermocouple inside the oven. By using
this setup the sample temperature can be increased up to 300◦ C at a rate of
20◦ C/min.

3.2 Characterization

To study the nano-scale devices fabricated in the previous section, two dif-
ferent setups were used. The results presented in chapter 4 were studied
using the setup and methods described in section 3.2.1. The oxidation stud-
ies presented in chapter 5 were performed using the MOKE setup presen-
ted in section 3.2.2.

3.2.1 Hall measurements

To determine the magnetization in our structured samples, the Hall bar
geometry is used. In this setup the ordinary Hall effect and anomalous
Hall effect produce a voltage VHall which scales with the magnetic field B
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and magnetization M. This ordinary Hall effect and anomalous Hall effect
are not to be confused with the spin Hall effect, which is a major topic in
this thesis.

The ordinary Hall effect, shown in figure 3.5a, dictates that when a cur-
rent I runs through a magnetic field the negatively (positively) charged
electrons (holes) experience a Lorentz force perpendicular to both their dir-
ection of movement and the magnetic field. Due to this deviation of the
charge carriers in opposite direction, a so-called Hall voltage VHall is pro-
duced. The magnitude of VHall scales linearly with the current I and per-
pendicular magnetic field Bz.

The anomalous Hall effect, shown in figure 3.5b, although similar in
name has a different origin. It is a result of the spin Hall effect in a spin-
polarized material. In section 2.2 we have shown that the spin Hall effect
(SHE) produces a transverse spin current as the result of a longitudinal
charge current. In a non-magnetized material the charge of these spin cur-
rents running in different directions cancels out. However, in a ferromag-
netic material the majority and minority spin carriers experience a different
scattering direction due to the spin Hall effect, which gives rise to an effect-
ive charge current which scales linearly with the current I and perpendic-
ular magnetization Mz.

The typical geometry of the samples in which these Hall measurements
are performed is shown in figure 3.5c, along with the measurement setup.
The horizontal strip is 1.5 µm wide and ∼230 µm long. It is the red part of
the bar of which the magnetization is determined using the Hall bars (the
vertical strips, which are 1.5 µm wide as well).

In order to determine the Hall voltage which is produced over the
Hall bars, a lock-in technique is employed. A Keithley 6221 is used to
produce a current I = IAC cos (ωt) + IDC with ω = 2π × 1000 Hz ,
IAC =

√
2 × 0.25 mA and IDC = 1 mA per 2 nm of Pt thickness (which

results in an approximately equal current density Je in all samples). VHall is
subsequently determined by three Stanford Research SR830 lock-in Amplifiers
which are triggered at the Keithley’s AC signal. Using this setup VHall can
be determined with a high signal-to-noise ratio.

To produce an external magnetic field, two coils are mounted on oppos-
ite sides of the sample. These coils can be rotated freely (with an accuracy
of approximately 0.2◦) in the direction depicted in figure 3.5c. The current
running through these coils is produced by two Delta Elektronika SM 70 -
45 D power supplies wired in parallel, both capable of producing a voltage
of up to 70 V and a current of up to 45 A, corresponding to a total field
of approximately 850 mT at the sample position. The produced external
magnetic field is measured using a LakeShore 421 Gaussmeter.

Using this setup VHall , which scales with the perpendicular magnetiza-
tion Mz and Bz, can be determined. Since we are only interested in Mz, not
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Figure 3.5: (a) The ordinary Hall effect and (b) the anomalous Hall effect
with their effect in our samples. (c) A schematic view of the setup in which
the Hall measurements are performed and a schematic view of a sample in
this setup, the red coloured area of the sample is the part which is studied,
the darker coloured strips are the Hall bars over which VHall is induced. (d)
A photo of a sample with contacts.
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Figure 3.6: (a) A schematic depiction of the effect of the ordinary Hall effect
on VHall in the case where Hext is oriented perpendicular to the sample
plane. (b) VHall after compensation for the influence of the ordinary Hall
effect.

in Hz,ext which is part of Bz, the influence of the ordinary Hall effect needs
to be eliminated. The ordinary Hall effect is measured by rotating the coils
so that Hext is placed perpendicular to the sample plane (Hext,z = Hext). If
Hext is sweeped and the magnetization is saturated in the perpendicular
direction (M = Mz), the increase of VHall with the field is only generated
by the ordinary Hall effect, this is schematically shown in figure 3.6a. By
performing a linear fit, the ordinary Hall effect as a function of Hext,z can be
determined, after which all measurements are compensated for this effect.
In figure 3.6b the sketch from figure 3.6a compensated for the effect of the
ordinary Hall effect is depicted. After normalization this technique renders
a method to determine mz as a result of a magnetic field sweep.

3.2.2 MOKE

The magneto-optic Kerr effect is a common way to determine the mag-
netization of a surface by measuring the change of light reflected from it.
This setup is employed to gather the results described in chapter 5. The
effect is schematically shown in figure 3.7. A linearly polarized incident
light beam (composed of equal amounts of left- and right-handed polar-
ized light) reflects off a magnetized surface. Both polarization directions
experience a different reflectivity, consequently the overall polarization of
the light changes. The coupling between the polarization direction of the
light and magnetization comes from the coupling between the photon an-
gular momentum and electron angular momentum, this electron angular
momentum is coupled to the magnetization of a material through spin-
orbit coupling.
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Figure 3.7: The magneto-optic Kerr effect is the change of a reflected light
beam due to surface magnetization.

Our polar-MOKE setup is schematically shown in figure 3.8. A laser
beam is passed through a photo-elastic modulator (PEM) which changes
the polarization of the light at high frequency. The light is then focused on
the sample surface where it experiences different reflectivity as a function
of the PEM’s polarization. After reflection the light is passed through a
polariser which filters out a single polarization direction of the light. The
intensity of the beam is then measured by a detector which transfers this
signal to a lock-in amplifier locked at the PEM’s frequency.

Since the angles of incidence and reflectivity are almost perpendicular
to the sample surface, the only change in polarization occurs due to the
sample’s perpendicular magnetization Mz. Two solenoids are used to ap-
ply a perpendicular magnetic field to the sample, this way Mz as a function
of an external magnetic field can be measured.

The sample is mounted on a sample stage which, controlled by a com-
puter, can translate in the vertical direction. Using this stage the measure-
ments on a wedge, fabricated using the methods described in section 3.1.1,
can be executed fully automatically.
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Figure 3.8: Top view of the Polar-MOKE setup. The angle between incident
and reflected laser beams is in reality much smaller so that only polariz-
ation change due to perpendicular magnetization occurs. Two solenoids
produce a homogeneous magnetic field perpendicular to the sample. The
sample stage is motorized, moving perpendicular to the plane of this im-
age.
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Spin-orbit torques explored

Although potentially of profound relevance for future memory devices, the
origin of spin-orbit torques in ultrathin Pt/Co layers is still ill-understood.
As presented in section 1.4, the scientific community has reached no
agreement on whether these torques originate from the spin Hall effect
[9, 44, 10] or that the Rashba effect in ferromagnets plays an important role
[45, 6, 46, 8, 7]. In this chapter a series of experiments is presented which
aims to shed light on the true origin of spin-orbit torques in Pt/Co layers.

The results presented in this chapter consist of a combination of mac-
rospin simulations (based on the theory presented in chapter 2.5) and an
experimental study of the magnetization dynamics in Pt/Co layers. We
will start off with an introduction of our macrospin simulations in section
4.1.

Five different samples, presented in table 4.1, have been studied. In
section 4.2, by qualitatively comparing measurement results to simulations,
the influence of the spin Hall effect on the magnetization dynamics in these
samples has been studied. Subsequently, the same comparison is made in
section 4.3, but for the Rashba effect. In this section an upper value of the
Rashba field BR in our samples is determined. Based on these results we
will show that not the Rashba effect, but the spin Hall effect is responsible
for the spin-orbit torques in Pt/Co layers.

Building on these results, in section 4.4 the different Pt compositions
in the samples in table 4.1 are exploited to quantify the magnitude of the
torque due to the spin Hall effect. The different Pt thicknesses result in
different magnitudes and directions of the net spin current injected in the
Co layer (this theory was presented in section 2.3). Using this method, the
magnitude of the spin Hall angle θPt

SH is determined.

39
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Sample Bottom to top composition
2-4 Pt (2 nm)/Co (0.5 nm)/Pt (4 nm)
4-2 Pt (4 nm)/Co (0.5 nm)/Pt (2 nm)
2-6 Pt (2 nm)/Co (0.5 nm)/Pt (6 nm)
6-2 Pt (6 nm)/Co (0.5 nm)/Pt (2 nm)
2-0 Pt (2 nm)/Co (0.7 nm)/AlOx (∼ 1.2 nm)

Table 4.1: The five samples studied in this chapter. All samples were struc-
tured into a 1.5 µm wide strip with three crossing Hall bars (shown in fig-
ure 3.5c). The first four samples have identical Co layers with varying Pt
outer layers. The fifth sample has a slightly thicker Co layer (necessary for
inducing perpendicular magnetic anisotropy) and an AlOx top layer.

4.1 Simulating the magnetization dynamics

In section 2.5 we introduced the torques that contribute to the magnetiza-
tion dynamics. The complete interplay between these torques is, except for
some specific situations, impossible to solve analytically. In order to get a
qualitative picture of the magnetization dynamics despite this restriction, a
Matlab routine was developed. This routine calculates the magnitude and
orientation of the torques that originate from the external magnetic field
Bext, the magnetic anisotropy, the spin Hall effect and a Rashba field BR,
and subsequently solves the LLG equation (equation 2.14) until the mag-
netization dynamics reach an equilibrium situation.

Using this routine, the equilibrium magnetization for situations with a
fixed Bext and I can be studied in detail. By performing this routine mul-
tiple times for a large range of Bext and different I it is also used to simulate
current-dependent magnetic field sweeps.

Two example simulations are shown in figure 4.1. An external magnetic
field Bext is placed in the xz-plane at an angle β with a current carrying
strip running in the x-direction (shown in the inset). In this geometry the
Rashba effect has no influence (this will be shown in section 4.3) so that all
I dependent effects originate from the spin Hall effect. Bext is swept from
-1T to 1T and back for both a positive and negative I. In the case where
β = 90◦ the result is a conventional hysteresis loop and the perpendicu-
lar component of the normalized magnetization mz is identical for +I and
−I. When β is reduced to 4◦ the hysteresis loop begins to deform, since
the external magnetic field attempts to pull the magnetization out of the
perpendicular easy-axis. Most importantly, the mz curves for positive and
negative current direction are different, suggesting that the spin Hall effect
has an influence on the magnetization dynamics.
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Figure 4.1: mz (Bext) for two magnetic field sweeps simulated using our
Matlab routine. The inset shows the orientation of the external magnetic
field relative to the current carrying strip. The current direction is defined
to be positive when the in-plane component of a positive external field is
aligned with the current.

4.2 The spin Hall effect: a qualitative analysis

In the previous section a qualitative picture of the theoretical influence of
the spin Hall effect induced spin torque on the magnetization dynamics
was sketched. In this section these theoretical predictions will be com-
pared to measurements conducted on the samples presented in table 4.1.
The measurements have been performed in the setup introduced in section
3.2.1, in which the magnetic field was oriented in the xz-plane. The angle
β of Bext with the sample plane was set to β = 2◦, 4◦, 6◦, 8◦, 10◦, 20◦, 30◦,
45◦, 60◦ and 90◦ ± 0.2◦. In addition to an error in β, it can not be prevented
that apart from components in the xz-plane, the external field has a small
component in the y-direction. If, in the next section, the Rashba effect turns
out to be significant this component in the y-direction may play a role.

The results of these measurements, for one specific angle β = 4◦, are
presented in figure 4.2. Comparing these results to the simulations in fig-
ure 4.1 shows that mz (Bext) in both the measurements and the simulations
exhibits the same shift direction as a function of the current direction. In the
simulations the curves for +I are shifted along the x-axis towards smaller
Bext so that the magnetic switching is assisted and vice-versa for −I. This
is also the case for the samples where the bottom Pt layer is thicker than
the top Pt layer (figures 4.2b, d and e). In the samples where the top layer
was thicker (and thus, according to the theory presented in section 2.3, the
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direction of the net injected spins is reversed) the shift directions are op-
posite (figures 4.2a and c). The importance of this ’sign reversal’ can not
be stressed enough, it is direct proof that the spin Hall effect is (at least
partially) responsible for the spin-orbit torque.

When figure 4.1 and 4.2 are compared it becomes clear that the mag-
nitude of the fields where the magnetization switches (Bswitch) in the simu-
lations and measurements are very different. This is due to the fact that our
simulation is based on a macrospin approximation, whereas magnetization
reversal is dominated by the nucleation and expansion of magnetic do-
mains, something which is not accounted for in the macrospin approxima-
tion. Consequently, we can not expect the simulations to match the meas-
urements for situations where Bext is being increased and Bext < Bswitch.

When the different samples shown in figure 4.2 are compared, it turns
out that the magnetic anisotropy of the samples have quite different mag-
nitudes. The mz of the samples with lower anisotropy decreases more rap-
idly for large fields (as smaller Bext is needed to pull the magnetization
in-plane) and generally have a smaller Bswitch. This difference in anisotropy
most likely originates from the growth of the samples since, apart from the
growth direction, the samples 2-4 and 4-2 should be identical, just like 2-6
and 6-2. In section 4.4 we will go into more depth on the different aniso-
tropies.

4.3 Rashba fields

In the previous section we determined that the general shape of the spin-
orbit torque induced magnetization dynamics can be explained using the
spin Hall effect. Before we can claim that the SHE is solely responsible
for these dynamics, the influence of any Rashba fields BR should be stud-
ied. Miron et al. report magnitudes of BR ≈ 1 T per 1012 Am−2 [6] in Pt(3
nm)/Co(0.6 nm/AlOx(∼ 1.6 nm). In our Pt(2 nm)/Co(0.5 nm)/AlOx(∼ 1.2
nm) samples (in which BR should be largest, see section 4.3) with Je ≈
3 × 1011 Am−2 this would correspond to BR ≈ 299 mT if we assume an
equal magnitude of BR per unit of current density. Pi et al. [46] report a
slightly smaller field of BR ≈ 1 T per 3.4× 1012 Am−2 which would corres-
pond to BR ≈ 87 mT in our case.

Since any BR would be pointing in the y-direction, the results of a field
sweep with Bext in the x-direction are not expected to display a signific-
ant influence of BR. This is confirmed by the simulations in figures 4.3a
(BR = 0 mT) and b (BR = 133 mT). There is a small difference between the
two figures. In figure 4.3b BR pulls m̂ slightly in the y-direction which de-
creases the magnitude of mz. BR also enhances the switching of m̂, decreas-
ing BSwitch. However, BR exerts no influence on the I-dependent behaviour,
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Figure 4.2: mz measured as function of Bext with β = 4◦, for five different
samples: (a) 2-4, (b) 4-2, (c) 2-6, (d) 6-2, (e) 2-0. The magnitude of I is
displayed in the legend, and is chosen so that the current densities Je in the
samples are approximately equal. The inset shows the sample composition
from top to bottom.
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which is dominated by the same symmetry in figures 4.3a and b and is due
to the SHE.

When the field sweep is performed with Bext in the y-direction, how-
ever, there is a change visible in the I-dependent behaviour. The SHE seems
to have no influence in figure 4.3c (BR = 0), whereas a difference between
the current directions due to the Rashba field is clearly present in figure
4.3d (BR = 133 mT).

Note that the influence of BR on mz (Bext) is different from the influence
of the SHE (shown in figures 4.1 and 4.2). Where the SHE causes the curves
for +I to shift towards lower Bext, the BR shifts the curve towards lower
Bext for Bext > 0 and higher Bext for Bext < 0 (and vice-versa for negative
I). This difference in symmetry is due to the fact that the torques from the
SHE and Rashba effect have different forms. The Rashba effect gives rise
to a Rashba field BR of which the sign depends on the I direction (section
2.4), by which the torque from the Rashba effect is field-like (equation 2.17).
The torque due to the spin Hall effect originates from a spin current, and
therefore has a different form (equation 2.16) .

In order to study the Rashba field experimentally, the samples were ro-
tated so that Bext is oriented in the yz-plane at an angle β with the plane.
The result of the measurements on sample 2-0 (in which BR should be
largest) for β = 4◦ is displayed in figure 4.4a (the results of the other
samples are shown in appendix A figure A.1). The shift of mz, which was
clearly present in the sweeps where Bext was placed in the xz-plane in figure
4.2, is much less pronounced. The shift exhibits the same direction as the
simulation in figure 4.3d, suggesting that there is a field-like contribution
which influences the magnetization dynamics.

In order to estimate the magnitude of BR, we chose to study the dif-
ference between the +I and −I curves around Bext = 0. This is done by
comparing the Bext related to mz = 1 or mz = −1 for different I (the peak
of the curves, circled in figure 4.4a and magnified in figures 4.4b and c). We
adopt this method, rather than studying a larger range of Bext, because at
Bext = 0 we can be sure that there is no torque due to the spin Hall effect
as a result of a slight misalignment of Bext in the x-direction. The torque
due to BR is then the only spin-orbit torque present so that the difference
between Bext in the curves for +I and −I is approximately equal to twice
BR/ cos (β) (since both curves experience BR in opposite directions). The
1/ cos (β) factor is introduced because Bext is at angle β with the in-plane
BR.

For the 2-0 sample at β = 4◦ (figure 4.4a) the two peaks are shown in
figures 4.4b (mz = 1) and c (mz = −1). In order to estimate the location of
the peak in the measured data (the transparent squares), the data is locally
fitted using a second degree polynomial. The resulting peaks are located at
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Figure 4.3: Magnetic field sweeps with Bext in the (a/b) xz-plane and (c/d)
yz-plane, with (b/d) BR = 133 mT and (a/c) BR = 0 mT. The distance
between the peaks of the two curves in d is approximately equal to twice
BR. The inset shows the directions in which various contributions to the
magnetization dynamics are oriented.

the dashed lines. This process was repeated for β = 6◦ (figures 4.4d and e)
and β = 8◦ (figures 4.4f and g). The shift direction of the peak, depending
on the I-direction in each measurement, is consistent. This implies that the
shift observed in all the peaks is not just due to some random noise in our
measurement, but that there is actually a magnetic field in the y-direction
whose orientation depends on the sign of I. The average of these shifts
corresponds to BR = 1.12± 0.3 mT, significantly smaller than the 267 mT
(corresponding to the measurement by Miron et al.). This field magnitude
is around the accuracy of our measurement setup and is therefore not ex-
pected to be very exact. It however does show that the Rashba spin-orbit
torque is of small relevance in our samples (compared to the spin Hall ef-
fect). In the other samples, in which the Rashba effect is expected to be
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Figure 4.4: (a) mz as function of Bext pointing in the yz-plane at an angle
β = 4◦with the sample plane, measured in the 2-0 sample. I = ±1 mA. The
inset shows the sample composition from top to bottom. A close-up of the
(b) positive and (c) negative peaks, in which a second degree polynomial
fit determines the exact location of the peak. The measurements for (d/e)
β = 6◦ and (f/g) β = 8◦ degrees exhibit a consistent dependence of the
shift on the I direction.
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significantly smaller due to the identical interfaces, similar magnitudes for
BR are found.

Another explanation for a small magnetic field in the y-direction may
be found in the Oersted field that is generated by the current carrying strip.
This Oersted field points along the y-direction and, just like BR, reverses for
reversing I. Since the width of the strip is much greater than its thickness
and the distance between the magnetic layer and the strip, the Pt strip can
be approximated as an infinite current sheet, by which the Oersted field can
easily be calculated using Ampère’s law: Boer = µ0 Jt

2 . Using the thickness
of the Pt layer t = 2 nm and the current density Je ≈ 3× 1011 Am−2, the
Oersted field was found to be approximately Boer ≈ 0.38 mT in the 2-0
sample In the 2-4 and 4-2 samples Boer ≈ 0.60 mT, and in the 2-6 and 6-
2 samples Boer ≈ 1.1 mT. Thus, the Oersted field is of the same order of
magnitude as the field-like effect measured in this section. In addition,
the direction of Boer corresponds to the shift in figure 4.4. Since Boer is of
the same order of magnitude as the shift observed in our measurements it
may well be that it is the Oersted field, and not the Rashba field, that is
responsible for this shift.

From the measurements in this section we conclude that the Rashba
spin-orbit torque is not of relevance for the magnetization dynamics in our
samples. A Rashba effect, if present, is of the same magnitude as the noise
in our data, a magnitude that is of the same order of magnitude as the
Oersted field.

4.4 Spin torque magnitude

In the previous sections we demonstrated that the spin torque injected by
the spin Hall effect dominates the spin-orbit torque induced magnetization
dynamics. In addition to this qualitative approach, a more quantitative
analysis will be carried out, where the magnitude of the spin Hall angle
will be determined.

4.4.1 Method

In order to quantify the torque exerted on the magnetic layer, the magnetic
field sweeps presented in section 4.2 were analysed. We observed that the
perpendicular magnetization mz as a function of an external magnetic field
Bext sweep, exhibits a shift along Bext. For reference the reader may use fig-
ure 4.5a, which shows a close-up of a section of a measurement result. We
will analyse the parts of the sweep where Bext is decreased from∼ −800 mT
to 0 mT and from∼ 800 mT to 0 mT (where the magnetization is in a single-
domain state), since here the macrospin approximation presented in section
2.5 is applicable.
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In the following approach, based on work by Liu et al. [9], we will study
the applied magnetic field Bext as a function of the angle θ = arcsin (mz)
of the magnetization with the sample plane. We distinguish between a
positive current direction that corresponds to a field decrease B+ (θ) and a
negative current direction that corresponds to a field increase B− (θ). We
can then rewrite the analytical description of the equilibrium magnetiza-
tion (equation 2.21) to

B± (θ) =
B0

an sin (θ) cos (θ)∓ τ0
SHE

sin (θ − β)
, (4.1)

with B0
an the magnetic anisotropy field and

τ0
SHE =

h̄
2eMStCo

JS, (4.2)

where the Co saturation magnetization MS = 1400 kA/m, tCo is the thick-
ness of the Co layer, e is the elementary charge and h̄ the reduced Planck
constant. The spin current into the Co layer is given by

JS = θPt
SH Je f f

e , (4.3)

with θPt
SH the spin Hall angle (introduced in section 2.2) and Je f f

e the effective
charge current density. The theory used to calculate Je f f

e was presented
in section 2.3, where we incorporate the non-uniform current distribution
through the layers, the limited spin torque due to diffusion (depending on
the spin-diffusion length in Pt, λPt), and the opposing torques from the
bottom and top layers.

4.4.2 Spin torque

By studying the difference between B (θ) for a positive (B+ (θ)) and negat-
ive (B− (θ)) current, the anisotropy field B0

an can be eliminated from equa-
tion 4.1:

Bdi f f (θ) = B− (θ)− B+ (θ) =
2τ0

SHE
sin (θ − β)

. (4.4)

Equation 4.4 is used to fit experimental results and derive a quantitative
figure for the magnitude of the torque τ0

SHE due to the spin Hall effect.
Bdi f f (θ) is calculated by interpolating the mz (Bext) curves shown in fig-
ure 4.5a (the 2-6 sample) with +I and −I for a range of mz. The data for
Bext > 0 and Bext < 0 is then averaged to increase the accuracy, which is al-
lowed since we have shown in section 4.2 that the curves are two-fold sym-
metrical. B+ (mz) is subtracted from B− (mz) after which θ = arcsin (mz)
is substituted. A global fit with equation 4.4 is performed, combining the
results of multiple angles β to reduce the error in the fit. The results of
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Sample Bottom to top composition τ0
SHE [mT] B0

an [mT]
2-4 Pt (2 nm)/Co (0.5 nm)/Pt (4 nm) −7.3± 1.1 367± 22
4-2 Pt (4 nm)/Co (0.5 nm)/Pt (2 nm) 6.1± 1.5 605± 66
2-6 Pt (2 nm)/Co (0.5 nm)/Pt (6 nm) −9.2± 0.8 382± 11
6-2 Pt (6 nm)/Co (0.5 nm)/Pt (2 nm) 4.1± 1.3 614± 22
2-0 Pt (2 nm)/Co (0.7 nm)/AlOx (∼ 1.2 nm) 4.8± 1.3 584± 45

Table 4.2: τ0
SHE and B0

an for the five samples studied in this thesis. The
errors in the results are determined by the reduced chi-square value of the
corresponding fit.

these fits for the 2-6 sample (in which τ0
SHE is largest) for β = 4◦, 6◦ and 8◦

are shown in figure 4.5b. The results of the other samples are shown in
appendix A figure A.2. The figures show an increasing Bdi f f for a decreas-
ing θ (which corresponds to a decreasing mz). Indeed, when mz is pulled
in-plane by an increasing Bext, Bdi f f increases. This behaviour can also be
observed in figure 4.5a. The magnitude of τ0

SHE determined by the fit is
shown in table 4.2, the error in the results is determined by the reduced
chi-square of the fit.
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Figure 4.5: The measurement in which τ0
SHE is determined for the 2-6

sample. (a) The part of the magnetic field sweep where the field is de-
creased from ∼ −800 mT to 0 mT for β = 4◦, 6◦, 8◦, the inset shows the full
loop for β = 4◦. This data is averaged with the field sweep from ∼ 800 mT
to 0 mT and (b) the difference Bdi f f is fitted using equation 4.4.
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4.4.3 Magnetic anisotropy

In addition to determining the magnitude of τ0
SHE in the samples, equation

4.1 can be used to determine the magnitude of the magnetic anisotropy
in the different samples. The results for a positive (B+ (θ)) and negative
(B− (θ)) negative current can be averaged to eliminate the influence of the
SHE from equation 4.1:

(B− (θ) + B+ (θ)) /2 =
B0

an sin (θ) cos (θ)
sin (θ − β)

. (4.5)

The results of the fit of this function with the measured data are shown
in table 4.2. It turns out that the magnitude of the anisotropy field B0

an
in the 2-4 (B0

an ≈ 367 ± 22 mT) and 2-6 (B0
an ≈ 382 ± 11 mT) samples

(which have 2 nm bottom Pt layer) is significantly lower than in the 4-2
(B0

an ≈ 605± 66 mT), 6-2 (B0
an ≈ 614± 22 mT) and 2-0 (B0

an ≈ 584± 45 mT)
samples (the errors in these results are the reduced chi-square of the fit). In
section 4.2 we already suggested that this was the case, based on a qualit-
ative picture of the measurements. The lower anisotropy in the 2-4 and 2-6
samples may be due to growth related issues in the 2 nm bottom layer. The
higher anisotropy in the 2-0 samples can be caused by the Co/AlOx inter-
face, since this interface may induce a larger magnetocrystalline anisotropy
than a Co/Pt interface.

4.4.4 The spin Hall angle

After finding τ0
SHE for the five unique samples, the relation between the

sample composition and τ0
SHE is studied. The unknown variable here is the

spin Hall angle: θPt
SH is the magnitude of the spin current density JS per

unit of current density Je f f
e . As mentioned earlier, magnitudes anywhere

between 0.0037 [16, 17] and 0.113 [18] have been determined experiment-
ally. Recent work by Liu et al. resulted in θPt

SH = 0.07 [9], using a similar
method as the one employed in this work.

In section 2.3 three mechanisms were introduced which alter the effect-
ive injected spin current. These mechanisms were the non-uniform current
distribution through the layers, the reduction in effective spin current due
to diffusion (with the spin diffusion length in Pt λPt = 1.4 nm [28]) and
the concept of the counteracting layers. Using these mechanisms the ef-
fective charge current Je f f

e is calculated. Je f f
e is divided by the Co thickness

tCo so that a linear relation between this figure and τ0
SHE is expected (based

on equations 4.2 and 4.3) even though the 2-0 samples has a different tCo.
The spin torque τ0

SHE as a function of Je f f
e /tCo is plotted in figure 4.6a. A

one-parameter least-squares fit is performed (using equations 4.2 and 4.3)
to find the spin Hall angle, the resulting fit is given by the red line. This
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results in θPt
SH = 0.07± 0.01 (exactly equal to the value recently found by

Liu et al [44]), which strengthens our confidence that the procedure we fol-
lowed is correct. The fit in figure 4.6a looks reasonable, with the exception
of the 6-2 sample whose τ0

SHE is too low to match the linear fit. In line with
the theory described in section 2.3.3, the samples with a thicker top than
bottom Pt layer indeed exhibit an opposite τ0

SHE from the samples with a
thicker bottom than top Pt layer.
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Figure 4.6: (a) τ0
SHE as a function of Je f f

e /tCo as a result of measurements on
five different samples. On the horizontal axis the effective current density
Je f f
e which contributes to the magnetization dynamics (incorporating the

result from section 2.3) divided by the Co thickness tCo (since this is not
the same in all samples) is plotted. The red line shows the best fit which
results in θPt

SH = 0.07± 0.01. The error bars are the reduced chi-square of
the fits in which τ0

SHE was determined. (b) Instead of calculating the current
distribution with the Fuchs-Sondheimer model, a parallel resistor model is
used. This results in θPt

SH = 0.12± 0.01. (c) Instead of a spin-diffusion length
λPt = 1.4 nm [28], λPt = 10 nm [29] is used. This results in θPt

SH = 0.33± 0.1.
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4.4.5 Discussion

The fit with which θPt
SH was found, depends heavily on the method we em-

ploy to determine Je f f
e . We therefore wonder what influence the assump-

tions we made during the calculation of Je f f
e may have on the quality of

the fit and on the resulting θPt
SH. One concern may be issues related to the

non-uniform current distribution through the strip, we approximated the
current distribution in section 2.3.1 using the Fuchs-Sondheimer model. We
wonder how relevant the current distribution calculated using this model
actually is. Instead of using the Fuchs-Sondheimer model, the current dis-
tribution through the layers may be approximated as a parallel resistor
network, in which each layer is represented by a resistor with its own res-
istivity. If this parallel resistor model is used to calculate Je f f

e , the current
densities through top and bottom Pt layers are equal and the difference in
spin current from these layers originates only from diffusion (section 2.3.2).
Therefore, a larger spin Hall angle is needed to inject a large enough spin
current. The resulting fit in which θPt

SH = 0.12± 0.01 is shown in figure 4.6b.

From the difference between the θPt
SH for the parallel resistor network

and the θPt
SH for the Fuchs-Sondheimer model, we can conclude that the

influence of the current distribution is significant. Based on previous re-
search we expect the Fuchs-Sondheimer model to be a better approxima-
tion than the parallel resistor model [25]. However, the Fuchs-Sondheimer
model does not account for certain influences either, such as partially spec-
ular reflection and quantum size effects. In chapter 6 we will discuss these
additional influences with which the Fuchs-Sondheimer model may be im-
proved or replaced.

Another uncertain factor in the procedure with which Je f f
e was determ-

ined, is the spin-diffusion length λPt, which plays a role in determining the
magnitude of the diffusion current (section 2.5). In our analysis so far we
have chosen λPt = 1.4 nm [28], however we can also choose λPt = 10 nm
(according to Mosendz et al. [29]). A longer spin-diffusion length increases
the diffusion current and therefore decreases the net injected spin current.
The fit with λPt = 10 nm is shown in figure 4.6c. The spin Hall angle in this
figure is very large : θPt

SH = 0.33± 0.1, much larger than any values found
in recent research, from which we therefore conclude that λPt < 10 nm.

We may wonder how sensitive θPt
SH is to λPt. This was investigated by

performing the fit for θPt
SH, for a large range of λPt. The results are shown in

figure 4.7. The figure shows that, in our samples, θPt
SH is not very sensitive

to values of λPt = 2± 1 nm, however it becomes very sensitive to larger
λPt. From this figure we can conclude that λPt < 5 nm, since otherwise θPt

SH
would be much larger than any value found in literature.
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Figure 4.7: θPt
SH fitted for various values of λPt. The dashed line corresponds

to λPt = 1.4 nm [28], which we have chosen in our main analysis. The
figure shows that θPt

SH is not very sensitive to spin-diffusion lengths around
2± 1 nm.

In this chapter we have shown that the origin of spin-orbit torques in
thin Pt/Co layers can be found in the spin Hall effect, not in the Rashba
effect. The magnitude of the spin Hall effect in Pt layers can significantly
influence the magnetization dynamics. We have shown that the magnitude
of the torque from the spin Hall effect can be tuned by varying the com-
position of the outer Pt or AlOx layers, with which a very valuable tool for
the study of the spin Hall effect has been developed. Our results imply that
exploiting the spin torque due to the SHE in Pt layers is certainly a possib-
ility. In the next section the first steps towards fabricating a SHE-switched
magnetic tunnel junction are taken. We will study and tune the oxidation
of the tunnelling layer.

In the outlook (chapter 6), further implications of the research presented
in this chapter are discussed. In addition, we will present a method in
which the above approach can be used to, not only determined the spin
Hall angle θPt

SH, but also determine the spin diffusion length in Pt λPt, by
exploiting the drift-diffusion model introduced in section 2.3.



Chapter 5

Optimal oxidation of the Al
tunnel barrier

In most nanoscale structures oxidation is an undesired phenomenon. When
metallic layers oxidize, their properties, such as the conductivity, change
drastically. This oxidation has the potential to completely destroy the nano-
scale structures. In the experiments described in this thesis, however, an
oxidized layer is of the utmost importance. In fact, to achieve perpendicu-
lar magnetic anisotropy in the deposited Co layers (section 2.6) and create
a well-defined tunnelling layer (section 1.1) it is crucial to develop a full
understanding of the oxidation process of a polycrystalline sputtered Al
layer.

In the following sections we will start with discussing the desired final
oxidation state. Subsequently, the two processes with which this finale state
can be reached are presented, the initial plasma oxidation and the anneal-
ing at elevated temperature. In the final section the experimental results of
our oxidation study are presented and we will be able to draft a blueprint
for the construction of a spin Hall effect switched magnetic tunnel junction
(MTJ).

5.1 Optimal oxidation

In section 1.1 we introduced the concept of perpendicular magnetic an-
isotropy (PMA). In order to induce PMA in the ferromagnetic Co layer a
sufficiently oxidized Al interface is desired. We consider the Al interface to
be sufficiently oxidized when enough interfacial Co-Al bonds are replaced
with Co-O bonds to induce PMA. The reason for this PMA has been dis-
cussed in section 2.6: the asymmetry at the oxide interface greatly enhances
the magnetocrystalline anisotropy.

In addition to the desire for a sufficiently oxidized interface for the
PMA, it is beneficial for the TMR, since these Co-O bonds mediate the spin-

55
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polarized tunnelling via spin-polarized interface states [47].
There is, however, another requirement for MTJs. The oxidation needs

to be tuned so that, apart from a thin layer of interfacial Co-O bonds, the O
atoms do not migrate into the Co layer. If the Al layer is over-oxidized, CoO
or Co3O4 is formed. These cobalt-oxides are paramagnetic at room temper-
ature and lead to the loss of electron spin polarization at the interface of the
ferromagnetic layer, destroying the TMR [47].

5.2 Plasma oxidation

The first step in creating an oxidized Al layer is, naturally, the oxidation
itself. During this process O is introduced to the exposed Al layer. In our
setup, oxidation takes place by introducing the sample to a DC oxygen
plasma which is created in an oxidation chamber attached to the sputter
machine. This setup (described in section 3.1.3) allows for an oxidation in
which the exact oxidation time, pressure and power can be accurately con-
trolled. This approach is the most common method of producing AlOx for
MTJs, rendering the highest value of TMR [48]. The term AlOx is generally
used to emphasize that the exact composition of the aluminium oxide layer
is unknown.

The oxidation process is shown in figure 5.1 [49, 50, 51]. Since the
stack remains in an ultra high vacuum while being moved from the sput-
ter chamber to the oxidation chamber, the Al layer arrives in the oxidation
chamber completely unoxidized (top figure). As soon as the O2 plasma is
introduced to the chamber, the O begins to migrate along the grain bound-
aries [52, 53, 54, 41, 55] of the polycrystalline Al and AlOx starts to form
(second figure). When a sufficient number of Co-O bonds have formed,
PMA will be induced in the Co, unfortunately at this time the oxide has
started migrating along the Co grain boundaries as well (third figure).
When the oxidation is continued, the layer is over-oxidized [56, 47] and
a large part of Co layer will be oxidized [52].

An important property of the oxidation process is that the reaction lim-
its itself. As soon as a monolayer of oxide has formed this layer shields the
reactants (the unoxidized metal and reactive ionized oxygen) from each
other and thus limits the reaction speed. The typical progression of an ox-
idation process, investigated by Knechten [48] is shown in figure 5.2. In
this figure two regimes can be observed, initially the reaction progresses
fast until a certain thickness (depending on the plasma power) has been
reached. In the second regime the oxidation progresses more slowly until
it saturates at around 2 nm oxidized thickness.
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Figure 5.1: The initial oxidation process, a partially finished magnetic tun-
nel junction stack is exposed to an oxygen plasma after which the poly-
crystalline Al starts to oxidize along the crystal edges. The arrow in the
Co layer represents the easy-axis of the magnetization, as soon as sufficient
bonds between Co and oxygen are created the easy-axis becomes perpen-
dicular to the plane, unfortunately the Co layer oxidizes as well.

Figure 5.2: Oxidation rate versus oxidized thickness for different plasma
powers measured by Knechten [48]. Initially the oxidation progresses fast,
after a certain thicknesses the rate is limited until around 2 nm of Al are
oxidized where the oxidation halts.
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Figure 5.3: Tunnel magnetoresistance (TMR) as a function of anneal tem-
perature as measured by Sousa et al. [57]. The TMR of their magnetic
tunnel junctions increased when annealed at higher temperatures. When
annealed above 240◦ C the TMR decreased again, most likely due to inter-
diffusion of the layers.

5.3 Thermal annealing

Another process which influences the AlOx layer is annealing. During the
annealing process the finished stack of oxidized layers is introduced to an
annealing oven. In a protective Ar atmosphere the temperature of the stack
is increased from room temperature to a higher temperature (in our case
in the range of 200◦ C to 300◦ C) for a fixed period of time, at this elevated
temperature the atoms are more mobile which allows them to rearrange in
a more energetically favourable composition.

It is thought that the initial oxidation is rather inhomogeneous and oc-
curs mostly along the grain boundaries of the Al, as we have shown in
figure 5.1. The elevated temperatures allow the oxygen atoms in the tun-
nelling layer to penetrate the grain boundaries which results in a more ho-
mogeneous oxidized layer, this annealing may also allow the unwanted O
in the oxidized Co layer to diffuse back into the Al layer which is more
energetically favourable.

The benefits of thermal annealing were first described by Souse et al.
[57], who noticed that the TMR of their MTJ increased after annealing. For
annealing temperatures up to 200◦ C they observed an increase of both
TMR and junction resistance followed by an even faster increase of TMR
between 200◦ C and 240◦ C (figure 5.3). When the sample was annealed at
even higher temperatures the TMR decreased again, since the mobility of
the metal atoms becomes greater and the layers will interdiffuse, rendering
an ill-defined sample and effectively destroying any TMR [58, 59, 60].

Since by annealing the amount of interfacial Co-O bonds can be tuned,
an optimal annealing temperature is also beneficial for the PMA of the fer-
romagnetic layer [54] which relies on these Co-O bonds.
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Figure 5.4: The sputtered Pt/Co/Al stack before oxidation. The wedge
shape allows us to study various thicknesses of Co on a single sample.

5.4 Results

In order to optimize the oxidation of the Al layer in our Pt/Co/AlOx stacks,
an extensive study of the oxidation process has been performed. We depos-
ited stacks of Pt/Co(0-2 nm)/Al (show in figure 5.4) using the sputtering
technique described in section 3.1.1. This wedge geometry enables us to
study the oxidation process for different Co thicknesses on a single sample
and saves us a considerable amount of fabrication time while assuring that
all Co thicknesses have undergone the same oxidation process. Pt bottom
layers of both 4 and 10 nm and Al top layers of 1.2 and 1.5 nm were manu-
factured; in section 5.4.2 we will show that the Al thickness has no influence
on the magnetization of the Co layer.

5.4.1 Method

In this chapter we presented that the factors determining the eventual oxid-
ation of the Al layer are the initial plasma oxidation process and the thermal
annealing. By varying the duration of the oxidation and the annealing tem-
perature, we attempt to optimize the perpendicular magnetic anisotropy
(PMA) of the Pt/Co/AlOx stack.

If a sample has perfect PMA, the easy-axis of the magnetization is ori-
ented out-of-plane and the magnetization will prefer to orientate along one
of the two perpendicular directions along this easy-axis (section 2.6). Ima-
gine such a perfect sample with its magnetization oriented in the -z dir-
ection, so that perpendicular component of the normalized magnetization
mz = −1. An increasing external field Bext is placed in the +z direction.
mz = −1 until Bext reaches a certain magnitude (which is called the co-
ercive field) at which the magnetization will suddenly completely reverse
to mz = +1. This situation is sketched by the black curve in figure 5.5, in
which mz is measured as a function of increasing and decreasing Bext (using
the MOKE setup introduced in section 3.2.2), resulting in a hysteresis loop.

This ideal sample exhibits a remanence of 100%, the remanence is a fig-
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Figure 5.5: Three hysteresis loops measured on our Pt/Co/AlOx samples,
the arrows denote the remanence. The black loop shows a sample with
a completely perpendicular magnetic anisotropy and 100% remanence,
the red loop a sample with partially in-plane anisotropy or multi-domain
switching and 50% remanence and the blue loop a sample with no reman-
ence.

ure of merit defined as the normalized perpendicular magnetization mz at
Bext = 0, indicate by the black arrow in figure 5.5. The figure shows two
more curves, the red curve has been measured on a sample which exhib-
its 50% remanence, indicating that either the easy-axis is not completely
perpendicular to the plane or that the magnetic switching does not occur
simultaneously throughout the whole sample (but rather through the nuc-
leation of multiple magnetic domains). The blue curve exhibits 0% reman-
ence.

Using this fairly simple method an excellent way of determining the re-
manence, a figure of merit for the quality of the sample, has been found.
By studying the remanence along our wedged samples, we will be able
to determine which compositions in combination with what oxidation and
annealing parameters render 100% remanence and may therefore be suit-
able for our purpose.

5.4.2 Al thickness

During oxidation, oxygen atoms migrate towards the Co/Al interface,
through the Al layer. Hence, we might assume that the thickness of this Al
layer is of importance. To study this influence, a Pt/Co(0-2 nm)/Al(2.3 nm)
wedge and a Pt/Co(0-2 nm)/Al(1.5 nm) wedge were fabricated, oxidized
for 180s at 7.5 mA and annealed at 300 ◦C. The results of the remanence
measurements are presented in figure 5.6. Apart from a small shift, which
may be due to an error in our procedure of determining the Co thickness,
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Figure 5.6: The remanence as function of the Co thickness in two samples
with different thicknesses of Al top layer, oxidized for 180 s at 7.5 mA and
annealed at 300 ◦C.

the two curves are similar. This suggest that the Al thickness is of no signi-
ficant influence at 300 ◦C annealing, since the elevated temperature allows
the O atoms to fully redistribute at the Al interface.

5.4.3 Co Thickness

For the sake of simplicity we attempted to keep most plasma oxidation
variables (such as the plasma power, plasma pressure, sample orientation
and substrate temperature) constant and only vary the length of the oxida-
tion time. The plasma current (determining the plasma power) was fixed at
7.5 mA. We decided to anneal the wedges at temperatures of 200 ◦C, 250 ◦C
and 300 ◦C since it is this range that renders the most interesting results
according to previous studies (described in section 5.3). The results of this
oxidation study are shown in figure 5.7. In these figures the remanence as
a function of the Co thickness is plotted for different annealing temperat-
ures. A single measurement, depicted in the figure as a connected series of
same-coloured points, was measured by translating a single wedge struc-
ture (shown in figure 5.4) in the MOKE setup.

Many of the graphs plotted in figure 5.7 display a region at which the
remanence is 100%, we will refer to this region as the ’plateau’. This Co
thickness range is apparently suitable for exhibiting perpendicular mag-
netic anisotropy (PMA). For thicknesses lower than this plateau (typically
. 0.3 nm) we conclude that the Co layer is not sufficiently developed to
exhibit PMA. This theory is supported if we consider the size of the Co
atom; Co has an atomic radius of 125 pm and thus a diameter of 250 pm.
This means that for mean Co thicknesses of . 0.3 nm not even a monolayer



62 Chapter 5. Optimal oxidation of the Al tunnel barrier

100

0
0.2 1 2

Co Thickness [nm]

R
em

an
en

ce
 [%

] 200 °C

200s @ 7.5mA
250s @ 7.5mA
300s @ 7.5mA
320s @ 7.5mA
280s @ 15mA

(a)

100

0
0.2 1 2

Co Thickness [nm]

R
em

an
en

ce
 [%

] 250 °C

200s @ 7.5mA
250s @ 7.5mA
300s @ 7.5mA
320s @ 7.5mA
280s @ 15mA

(b)

100

0
0.2 1 2

Co Thickness [nm]

R
em

an
en

ce
 [%

]

300 °C

60s @ 7.5mA
120s @ 7.5mA
150s @ 7.5mA
165s @ 7.5mA
180s @ 7.5mA
210s @ 7.5mA
270s @ 7.5mA
600s @ 15mA

(c)

Figure 5.7: The remanence versus Co thickness for different oxidation times
annealed at (a) 200 ◦C, (b) 250 ◦C and (c) 300 ◦C.
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of Co has formed, therefore no anisotropy is expected. For Co thicknesses
larger than the plateau, we conclude that no remanence is found due to
the in-plane anisotropy of this layer. If the Co layer is too thick, not even
a perfectly oxidized Co/AlOx interface can induce enough magnetocrys-
talline interface anisotropy to compete with the growing shape anisotropy
(whose easy-axis is oriented in-plane).

Some conclusions can immediately be drawn by looking at the oxida-
tion results. First of all there are certain Co thicknesses which attain full
remanence (the plateau), a range that typically expands for longer oxida-
tion times and higher annealing temperatures. In the following discussion
we will limit ourselves to samples oxidized at 7.5 mA for easier compar-
ison. The samples annealed at 200 ◦C (figure 5.4a) show full remanence in
the 0.3 to 1 nm range for oxidation times of 300 s and longer, for samples
annealed at 250 ◦C (figure 5.4b) the sample oxidized at 200 s already exhib-
its full remanence in a limited range, confirming that the higher annealing
temperature enables the formation of more Co-O bond due to better O mi-
gration. Full remanence is observed in samples annealed at 300 ◦C (figure
5.4c) for oxidation times of 165 s and longer, confirming that this temperat-
ure has an even higher influence on the migration of O atoms.

In figures 5.4b and c, a widening of the Co thickness range which exhib-
its full remanence is observed for longer oxidation times. From this we can
conclude that for longer oxidation times, more O atoms move towards the
interface and form Co-O bonds, inducing full remanence in a larger range
of Co thicknesses.

Another observation that can be made, is that the left side of the plat-
eaus generally does not move towards the right. We interpret this as a sign
that the Co layer has no significant oxidation itself. If the ferromagnetic Co
would oxidize, and change to to paramagnetic CoO or Co3O4, anisotropy
would disappear in the thin Co since all ferromagnetism there would have
been lost. We do see this shift due to Co oxidation in a sample which was
fabricated for a different research project under conditions that were com-
mon before our experiment was conducted (600 seconds of oxidation at
15 mA) displayed as the brown curve in figure 5.7c.

5.4.4 Discussion

In the previous sections the influence of plasma oxidation and annealing
on various thicknesses of Co was studied. From these measurements we
can conclude that all annealing temperatures allow our samples to attain
full remanence for some oxidation time and Co thickness. If we choose to
limit the annealing temperature to 200 ◦C (based on the TMR measured by
Sousa et al. [57]), a Pt/Co(0.8 nm)/Al(1.2 nm) stack oxidized for 300 s at
7.5 mA and annealed at 200 ◦C has been shown to render full remanence.

However, this stack only makes up the bottom part of the MTJ we aim
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to fabricate. Since the plasma oxidation occurs from the top of the Al layer,
one might expect there to be sufficient O present at the top Al/Co interface
after Co deposition to also induce PMA in the top ferromagnetic layer. On
the other hand, due to annealing the O may migrate to the Al layer to move
towards a more energetically favourable position at the Co/Al interface
(forming Co-O) bonds. Whether this oxidation method can successfully be
applied to fabricate MTJs is a question which will be answered in the next
chapter.



Chapter 6

Conclusions and Outlook

In the preceding chapters we studied the influence of the spin-orbit torques
on the magnetization dynamics in Pt/Co/Pt and Pt/Co/AlOx samples and
we studied the oxidation of aluminium in Pt/Co/AlOx samples. From this
work a number of important conclusions can be drawn:

• The qualitative behaviour of our macrospin simulations matches with
our Hall measurements (section 4.2).

• We observed that the torque due to the spin Hall effect dominates
the influences of the studied spin-orbit torques on the magnetization
dynamics (section 4.2).

• We have shown that the Rashba effect in all our samples is negli-
gible. An upper value of the Rashba field was determined, which
was shown to be of the same order of magnitude as the Oersted field
(section 4.3).

• The spin Hall angle in Pt was found to be 0.07± 0.01 (section 4.4.4).

• The spin diffusion length in Pt is < 5 nm, most likely 2± 1 nm (section
4.4.4).

• The thickness of the Al top layer in the Pt/Co/AlOx samples has no
significant influence on the final oxidation state (section 5.4.2).

• A combination of oxidation and annealing is required to induce per-
pendicular magnetic anisotropy (PMA) in Pt/Co/AlOx samples (sec-
tion 5.4.3).

• Shorter oxidation times are sufficient to induce PMA in Pt/Co/AlOx
samples when the annealing temperature is increased (section 5.4.3).

• A complete overview of the Co thicknesses, oxidation parameters
and annealing temperatures for which perpendicular magnetic aniso-
tropy is induced in Pt/Co/AlOx stacks was produced (section 5.4.3).

65
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• No significant oxidation of the Co layer takes place at the oxida-
tion times and annealing temperatures studied in this thesis (section
5.4.3).

The influence of spin-orbit torques on magnetization dynamics gained a
significant amount of interest the last few years. More and more research-
ers are interested in the application of these spin-orbit torques for future
magnetic memories. However, before technological application can be con-
sidered, there are still a number of questions which need to be answered.
In the next section we will provide some recommendations for future re-
search. We will start with our attempts at fabricating a spin Hall effect
switched magnetic tunnel junction.

Fabricating a spin Hall effect switched MTJ

In chapter 4 we have examined the influence of the spin Hall effect on
the magnetization dynamics. This spin Hall effect can be used to switch a
single cell of a magnetoresistive random-access memory (section 1.4). This
MRAM consists of magnetic tunnel junctions (MTJs) which rely on a well-
oxidized AlOx layer. The oxidation of this layer was studied in chapter 5.
The next step in our research would naturally be the fabrication of a proof-
of-concept spin Hall effect switched magnetic tunnel junction.

For practical reasons our oxidation studies have focussed on
Pt/Co/AlOx stacks, whereas an MTJ consists of a Pt/Co/AlOx/Co/Pt
stack. We argued that the fabrication of a well-oxidized interface for the
top Co layer (Co/AlOx) would be straightforward; since plasma oxidation
occurs from the top of the Al layer this top Al would be the first to oxidize.
Unfortunately fabricating a complete MTJ turned out to be more challen-
ging than expected. We performed MOKE measurements on wedges of
Pt/Co/AlOx/Co/Pt (either wedging the bottom or top Co layer), looking
for two Co layers with full remanence (a sign that the interfaces are well-
oxidized). A sample for which this succeeded is shown in figure 6.1. This
’double hysteresis loop’ is measured on a single point on a Pt(10 nm)/Co(0-
2 nm)/AlOx(1.2 nm)/Co(0.6 nm)/Pt(4 nm) wedge, at this point the bottom
Co layer was approximately 1.0 nm thick. The Al layer was oxidized for
250 s at 7.5 mA, afterwards the sample was annealed at 200 ◦C. In the fig-
ure a superposition of two hysteresis loops can be observed. Both Co lay-
ers have perpendicular magnetic anisotropy (PMA) and switch at different
magnitudes of Bext (they have different coercive fields), something which
is required in the MTJ.

This layer combination, which appeared to be successful in a wedge,
needs to be recreated in an MTJ. For this purpose a shadow mask inside
the CARUSO sputter machine was used. This shadow mask shadows the
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Bottom Co

Top Co

Figure 6.1: mz as a function of a perpendicular magnetic field Bext, meas-
ured in the MOKE setup on a Pt(10 nm)/Co(0-2 nm)/AlOx(1.2 nm)/Co(0.6
nm)/Pt(4 nm) wedge. The laser was focussed at a point at which the bot-
tom Co layer was approximately 1.0 nm thick. The figure shows a super-
position of two hysteresis loops, caused by the two independent switching
Co layers. The coercive fields of both Co layers are pointed out by the ar-
rows.

substrate with the exception of a narrow strip. After deposition and oxid-
ation of the Pt/Co/AlOx strip, the mask is rotated 90◦ so that a transverse
Co/Pt strip is deposited on top. The strips now have a very small square
overlap. At this junction a full Pt/Co/AlOx/Co/Pt has been created. Our
goal is to produce a similar loop as shown in figure 6.1 when the laser of
the MOKE is focussed on this junction.

Unfortunately, we were not able to create two independently switch-
ing Co layers with PMA by controlled oxidation in the junction geometry.
Only in once case, before the oxidation study took place, did we succeed
in creating such a junction. The Co thicknesses, oxidation parameters and
annealing temperatures employed resulted in an uncontrolled oxidation of
the Co layer(s) (corresponding to the 600 s of oxidation at 15 mA in fig-
ure 5.7c) so that no tunnelling magnetoresistance was observed. It was this
realization which motivated the study of the optimal oxidation in the pre-
vious chapter.

The reason why this independent switching of perpendicularly magnet-
ized Co layers was not observed in controlled oxidized junctions, was not
found. However, we have some ideas. Since the wires in the shadow mask
are narrow, the sputtering rate at the exposed areas may be hindered by un-
wanted shadowing. Different fabrication techniques (such as electron beam
lithography, ion beam milling or UV lithography) do not have this problem.
The downside is that these techniques are more labour-intensive. A differ-
ent origin for the difference in switching between the wedge and MTJ may
be found in domain wall motion: the switching of the wedged Co layer at a
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specific location along the wedge may be caused by a magnetic switch else-
where in the wedge. This switched domain can then expand with relative
ease and switch the complete wedged Co layer. This is not the case in the
MTJ geometry, which may cause the Co layers to switch simultaneously.
This simultaneous switching could be induced by ferromagnetic coupling
between the two Co layers.

We suggest that, in order to successfully fabricate an MTJ with perpen-
dicular magnetic anisotropy, future research focusses on alternative struc-
turing methods (such as the ones mentioned before). The state of the art
deposition setup which is going to be installed in the laboratories of our
research group (scheduled for the second half of 2013) will also be a valu-
able tool for anyone continuing this research. This new setup contains in-
situ characterization methods, such as X-ray photoelectron spectroscopy
(XPS). XPS is a popular tool for determining the oxidation state of Al lay-
ers [51, 41, 61, 48]. An in-situ XPS setup allows researchers to measure the
oxidation state of the sputtered and oxidized Al layers without exposing
them to air. This allows for further oxidation after the XPS measurements
has been performed, a process which may be repeated multiple times to
monitor the oxidation process.

Increasing the spin torque

In our samples the spin Hall effect was induced in the Pt layers, since Pt
is known to have a very large spin Hall angle θPt

SH due to its large spin-
orbit coupling. Recently, researchers have discovered that the spin Hall
angles of special structures of tantalum and tungsten, called β−Ta and
β −W, have an even larger spin Hall angle, θ

β−Ta
SH = 0.12 to 0.15 [9] and

θ
β−W
SH = 0.30 ± 0.02 [22]. This is even larger than the spin Hall angle of

gold, θAu
SH = 0.12± 0.04. More interestingly, the spin Hall effect in β− Ta

deflects spin in the opposite direction than in Pt. This opposite θ
β−Ta
SH can

be exploited by constructing, for instance, Pt/Co/β − Ta samples. Since
the spin-Hall angles in the bottom and top layer are opposite, instead of
the spin currents cancelling each other as was the case in our samples, the
spin currents injected in the Co layer will now point in the same direc-
tion, thereby effectively amplifying the spin Hall effect. These opposite
spin currents could greatly increase the suitability of the spin Hall effect
for technological applications.

Additional sample compositions

In hindsight we are able to suggest sample compositions which can greatly
enhance the accuracy of the analysis in chapter 4. First of all we suggest to
fabricate, instead of Pt/Co/AlOx samples, AlOx/Co/Pt samples. In these
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samples the Al layer can be fully saturated with oxygen without any risk
of oxidizing the Co layer. Furthermore, since all samples have an identical
bottom layer these compositions enable us to systematically study the in-
fluence of the thickness of a single Pt layer while excluding growth induced
influences. There may be some challenges with growing Co on top of AlOx
though. Since the surface energy of AlOx is much lower than the surface
energy of Co, the deposited Co may prefer a clustered growth instead of a
homogeneous growth.

It would also be very valuable to construct samples with symmetrical
Pt layers, such as Pt(2 nm)/Co/Pt(2 nm). In these samples the spin current
from both layers should cancel out, rendering no net spin current. If an
influence of the spin Hall effect is observed nonetheless, this tells us that
a growth difference between the bottom and top layers plays a significant
role. These samples could then give very accurate figures for the influence
of this growth, after which all samples could be compensated for these is-
sues.

Estimating the current distribution

In this work we employed the Fuchs-Sondheimer model to estimate the
current distribution through the thin layers. This model successfully incor-
porates diffuse reflection at the interfaces which limits the mean free path
of the electron. In chapter 4 we have shown that our fit of θPt

SH is very sens-
itive to the method we use to estimate the current distribution. We could
therefore consider improving the Fuchs-Sondheimer model or employing
an even more realistic model.

In the Fuchs-Sondheimer model, the reflection at the outer interfaces is
considered to be completely diffuse. However, if the interfaces are reas-
onably flat, part of the electron scattering might be specular. This means
that the limitation of the electron’s free path length near the interfaces de-
creases, rendering a more bulk-like conduction. Another thing the Fuchs-
Sondheimer model does not account for are quantum size effects. As soon
as the layer thickness is in the order of magnitude of the Fermi wavelength
λF (which, for ordinary metals is in the order of a few interatomic dis-
tances), the kz quantum number may no longer be regarded as a continuous
variable. The confinement by the interfaces can then be viewed upon as a
particle in a box problem. This contribution to the thin film conductivity
was investigated by Zhang and Butler [62].

Determining the spin-diffusion length

In the analysis in section 4.4 we have seen that the spin-diffusion length λPt
is of influence on the torque due to the spin Hall effect, by determining the
magnitude of the diffusion current (section 2.3.2). The exact magnitude of
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λPt is unknown and values found in research papers vary wildly (1.4± 0.3
nm [28], λPt = 3.0± 0.5 [63] and 10± 2 nm [29]). However, since our meas-
urements are sensitive to λPt, they can be used to determine its magnitude.

Instead of fixing λPt at 1.4 nm and fitting θPt
SH, we can perform a two-

parameter fit for both λPt and θPt
SH. This is done by a Matlab script which

finds values of λPt and θPt
SH with which, after calculating Je f f

e , the resulting
fit renders the lowest chi-square. Using this method we find that θPt

SH =
0.07± 0.01 and λPt ≈ 1.1 nm. The resulting fit is shown in figure 6.2. The
fit does not differ much from the fit in which λPt was fixed at 1.4 nm (figure
4.6a). This is due to the fact that the Pt layers are significantly thicker than
λPt, which means that they are not very sensitive to the spin current due to
diffusion. This was already shown in section 4.4.5 using figure 4.7, due to
the thickness of the Pt layers in our samples they are not very sensitive to a
small λPt.
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Figure 6.2: τ0
SHE as a function of Je f f

e /tCo as a result of measurements on five
different samples. Instead of fixing λPt at 1.4 nm, a two parameter fit for λPt
and θPt

SH was performed, resulting in θPt
SH = 0.07± 0.01 and λPt ≈ 1.1 nm.

The error bars are the reduced chi-square of the fits in which τ0
SHE was

determined.

To get a more accurate figure for λPt we propose the fabrication of a
series of AlOx/Co/Pt samples with Pt thicknesses ranging from approx-
imately 0.5 to 3 nm. This Pt thickness range should be very sensitive to the
magnitude of λPt which could result in a very accurate fit.



71

Technological applications

The work in this thesis was motivated by the prospect of a spin Hall effect
switched magnetoresistive random-access memory (MRAM). Before such
a memory technique is technologically viable, many hurdles still need to
be overcome. One current problem is the requirement of an in-plane mag-
netic field, a problem which we have not addressed before. Without the
existence of a small in-plane magnetic field along the current direction, the
spin Hall effect is not able to switch the magnetization since the injected
spins with σ̂ = −ey have no preference for either positive or negative z-
direction and the magnetic layer is two-fold symmetric for rotation around
its x-axis [21]. Therefore, a magnetic field in the x-direction is required to
break the symmetry of the situation. This requirement for a magnetic field
may be a serious complication for future MRAM devices, since creating a
very localized magnetic field in nanometer-sized structures poses a signi-
ficant challenge.

In the introduction we have briefly mentioned another conceptual
memory, the magnetic domain wall racetrack memory [11]. Digital inform-
ation is stored as magnetic domains on a wire, by coherently moving the
domain walls through this wire the data can be moved towards a read and
write head. Recently it has been shown that domain wall motion can be
induced by the spin Hall effect [10]. No external magnetic fields were ap-
plied, with the exception of a field which induces the Néel domain wall
(this domain wall is present in narrower wires without the requirement of
a magnetic field). The shape of the domain wall breaks the inversion sym-
metry of the magnetic layer, leading to an influence of the spin Hall effect
on the domain wall movement without the necessity of an external mag-
netic field . Thus, it may well be that the spin Hall effect proves to be vital
in future racetrack memories instead of the MRAM.
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Figure A.1: mz as function of an external field in the yz-plane at an angle
β = 4◦ with the sample plane, for five different samples: (a) 2-4, (b) 4-2,
(c) 2-6, (d) 6-2, (e) 2-0. The magnitude of I is displayed in the legend, and
is chosen so that the current densities Je in the samples are approximately
equal (if a uniform current distribution is assumed). The inset shows the
sample composition from top to bottom.
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Figure A.2: The measurement in which τ0
SHE is determined for (a) 2-4, (b) 4-

2, (c) 2-6, (d) 6-2, (e) 2-0 showing the difference difference Bdi f f between the
magnetic field for the different current directions. The data is fitted using
equation 4.4. See section 4.4 for further details.
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Appendix B

LLG equation

The LLG equation (equation 2.13) contains two differential terms dm̂
dt , which

makes solving this equation rather tricky. In this appendix we will simplify
the equation by employing some mathematical tricks. The LLG equation
was given by

dm̂
dt

= γ~τtot + αm̂×
(

dm̂
dt

)
. (B.1)

We evaluate the cross product of m̂ and the equation B.1 to get

m̂× dm̂
dt

= γm̂×~τtot + αm̂×
(

m̂× dm̂
dt

)
, (B.2)

using the vector identity ~a ×
(
~b×~c

)
= ~b (~a ·~c) −~c

(
~a ·~b

)
, the final term

can be rewritten to

αm̂×
(

m̂× dm̂
dt

)
= α

(
m̂
(

m̂ · dm̂
dt

)
− dm̂

dt
(m̂ · m̂)

)
. (B.3)

Since m̂ and dm̂
dt are oriented perpendicular, m̂ · dm̂

dt = 0 :

αm̂×
(

m̂× dm̂
dt

)
= −α

dm̂
dt

m̂2. (B.4)

If we substitute this in equation B.2, and realize that m̂2 = 1, this renders

m̂× dm̂
dt

= γm̂×~τtot − α
dm̂
dt

. (B.5)

This can be substituted in equation B.1 so that

1
|γ|

dm̂
dt

= ~τtot +
α

|γ|

(
γm̂×~τtot − α

dm̂
dt

)
, (B.6)

77



78 Chapter B. LLG equation

which can be rewritten to

1 + α2

|γ|
dm̂
dt

= ~τtot +
α

|γ| (γm̂×~τtot) (B.7)

and
dm̂
dt

=
γ

1 + α2 (~τtot + α (m̂×~τtot)) . (B.8)
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